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THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
science  and  technology  relating  to  aerospace  for  the  following  purposes: 

-  Exchanging  of  scientific  and  technical  information; 

-  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
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Applications  Studies  Program.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO 
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PREFACE 


Soon  after  its  foundation  in  1952,  the  Advisory  Group  for  Aeronautical  Research 
and  Development  recognized  the  need  for  a  comprehensive  publication  on  flight  test 
techniques  and  die  associated  instrumentation.  Under  the  direction  of  the  AGARD 
Flight  Test  Panel  (now  the  Flight  Mechanics  Panel),  a  Flight  Test  Manual  was 
published  in  the  yean  1954  to  1956.  The  Manual  was  divided  into  four  volumes: 

I.  Performance,  II.  Stability  and  Control,  III.  Instrumentation  Catalog,  and  IV. 
Instrumentation  Systems. 

Since  then  flight  test  instrumentation  has  developed  rapidly  in  a  broad  field  of 
sophisticated  techniques.  In  view  of  this  development  the  Flight  Test  Instrumentation 
Committee  of  the  Flight  Mechanics  Panel  was  asked  in  1968  to  update  Volumes  III 
and  IV  of  the  Flight  Test  Manual.  Upon  the  advice  of  the  Committee,  the  Panel 
decided  that  Volume  III  would  not  be  continued  and  that  Volume  IV  would  be 
replaced  by  a  series  of  separately  published  monographs  on  selected  subjects  of 
flight  test  instrumentation:  the  AGARD  Flight  Test  Instrumentation  Series.  The  first 
volume  of  this  Series  gives  a  general  introduction  to  the  basic  principles  of  flight  test 
instrumentation  engineering  and  is  composed  from  contributions  by  several  specialized 
authors.  Each  of  the  other  volumes  provides  a  more  detailed  treatise  by  a  specialist  on 
a  selected  instrumentation  subject.  Mr  W.D.Mace  and  Mr  A.P00I  were  willing  to  accept 
the  responsibility  of  editing  the  Series,  and  Prof.  D.Bosman  assisted  them  in  editing  the 
introductory  volume.  AGARD  was  fortunate  in  finding  competent  editors  and  authors 
willing  to  contribute  their  knowledge  and  to  spend  considerable  time  in  the  preparation 
of  this  Series. 

It  is  hoped  that  this  Series  will  satisfy  the  existing  need  for  specialized  documen¬ 
tation  in  the  field  of  flight  test  instrumentation  and  as  such  may  promote  a  better 
understanding  between  the  flight  test  engineer  and  the  instrumentation  and  data 
processing  specialists.  Such  understanding  is  essential  for  the  efficient  design  and 
execution  of  flight  test  programs. 

The  efforts  of  the  Flight  Test  Instrumentation  Committee  members  and  the 
assistance  of  the  Flight  Mechanics  Panel  in  the  preparation  of  this  Series  are  greatly 
appreciated. 


T.VAN  OOSTEROM 
Member  of  the  Flight  Mechanics  Panel 
Chairman  of  the  Flight  Test 
Instrumentation  Committee 


canons 


Page 

iii 


nma 

LIST  07  SYMBOLS 
SUMMARY 

I . 0  INTRODCCTIOH 

2 .0  OPEN  LOOP  LINEAR  ACCELEROMETERS 

2 . 1  Basic  theory 

2.2  Sinusoidal  exci cation 

2.3  Transient  raaponaa 

3.0  CLOSED  LOOP  ACCELEROMETERS 

3.1  Basic  principles 

3.2  Dynamic  characteristics 

4.0  FUNDAMENTAL  BEHAVIOUR  OF  AH  ACCELEROMETER 

5 .0  ACCELEROMETER  REQUIREMENTS  FOR  FLIGHT  TEST  WORK 

5.1  Dynaaic  stability  testa 

5.2  VSTOL  tests 

5.3  Gust  research 

5.4  Drag  measurements 

5.5  Inertia  aeasureaant  in  flight 

6.0  PROPRIETARY  TRANSDUCERS 

6.1  Mass-spring  sees laroaa tars 

6.2  Spring  suspensions 

6.3  Electrical  pick-off 

6.4  Daapers 

6.5  Other  types  of  accaleroaeter 

6.5.1  Strain  gauge 

6.5.2  Pieco-eleatrio 

6.5.3  Piezo-resistive 

6.5.4  Vibrating  reed 

7.0  CLOSED  LOOP  ACCELEROMETERS  FOR  FLIGHT  TEST  WORK 

7.1  Operating  principles  of  pivoted  era  type 

7.1.1  Servo  loop  characteristics 

7.1.2  Sensitivity  to  angular  accelerations 

7.2  Rectilinear  types 

7.3  Perforaance  characteristics 

8.0  ANGULAR  ACCELEROMETERS 

8.1  The  aeaaureaent  of  angular  acceleration  of  aircraft 

8.2  Design  characteristics 

8.3  Proprietary  instruments 

8.4  The  use  of  rate  gyroscopes  for  angular  acceleration  measurements 

8.5  Force  feedback  angular  accelerometers 

9.0  STEADY  STATE  CALIBRATION  TESTS 

9.1  Linear  accelerometer  tests 

9.1.1  Kiting  tests 

9.1.2  Added  weight  test 

9.1.3  Centrifuge  test 

9.2  Angular  accelerometer  tests 

9.2.1  Added  weight  test 

9.2.2  Oscillatory  tests 

10.0  DYNAMIC  CALIBRATION 

10.1  Sinusoidal  forcing  functions 

10.2  Aperiodic  input  functions 

10.3  Electrical  excitation 

I I . 0  COMPARISON  BETWEEN  OPEN  AND  CLOSED  LOOP  ACCELEROMETERS 

11.1  Background 

11.2  Vibrational  noise  problems 

11.3  Saturation  effects 

11.4  Rectification  effects 

12.0  CONCLUDING  REMARKS 
APPENDIX 

1.0  DERIVATION  OF  ffl  ,  THE  UNDAM.  ED  NATURAL  FREQUENCY 

2.0  DERIVATION  OF  ]T,  THE  DAMPING  FACTOR  RELATIVE  TO  CRITICAL 

REFERENCES 

FIGURES 


V 

1 

1 

2 

2 

2 

3 

5 

5 

6 

7 

9 

9 

9 

9 

9 

9 

9 

9 
10 

10 
10 
1) 

11 
11 
1 1 
11 

11 
1 1 

12 
12 
13 

13 

14 
14 
14 

14 

15 

15 

16 
16 
16 
16 
17 
17 
17 

17 

18 

19 

20 
20 

20 

20 

21 

21 

22 

22 


24 

25 

27 

28 


iv 


LIST  OF  SYMBOLS 


Symbol 

A 


*N 


A 

b 

bc 

c 

D 

d 


c 


F 

£ 


L 

£ 


*A 

D 

N 

n 

P 

P 

r 

S 

• 

T 

t 

V 

W 


Meaning 

amplitude 

amplitude  of  input  forcing  function 
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displacement 

arbitrary  constant 

base  of  natural  logarithms 
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general  function  of  time 
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magnetic  field  strength,  height 

moment  of  inertia 

current 
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OPEN  AND  CLOSED  LOOP  ACCELEROMETERS 
I.  McLaren 

Royal  Aircraft  Establishment, 

Bedford,  England 

StMlARY 

/  ' 

The  aim  of  this  Paper  i»  to  provide  a  balanced  up-to-date  preaentation  of  the  atate-of-the-art  of 
both  open  and  cloaad  loop  acceleroaetera  uaed  for  aircraft  flight  teat  work,  covering  ayatem  and  component 
analyaia  and  baaic  hardware  deaign. 


Both  phyaical  deaign  problems  and  mathematical  analyaia  are  covered  and  apecial  ecphaaia  ia  put  on 
thoae  aapecta  likely  to  be  relevant  to  aircraft  flight  teat  work. 

Performance  detail*  include  repeatability,  compensation  for  temperature  variation,  inauaceptibility 
to  croaa  effect*,  atability  under  vibration  and  frequency  reaponae. 

The  application  of  accelerometer*  in  aeveral  flight  teat  technique*  together  with  their  performance 
requirement*  are  reviewed  in  order  to  guide  the  flight  teat  engineer  in  miking  hia  choice  of  inatrument  in 
any  particular  caae .  — 

The  principle*  of  frequency  reaponae  teat*  are  diacuaaed  in  aaaociation  with  the  theoretical 
characteriatica  of  varioua,  nominally,  aecond  order  ayatema  which  are  modified  either  by  the  method  of 
teating  or  by  the  inherent,  practical  difficultie*  of  inatrument  deaign. 

The  aubject  ia  a  wide  one  and  the  abaence  of  the  treatment  of  any  apecific  inatrument  or  technique 
i*  not  to  be  interpreted  a*  an  indication  that  they  are  unimportant.  Rather  it  ia  an  admiaaion  that  lack 
of  space  and  time  precluded  their  inclusion. 


Fortunately,  many  excellent  publications  by  manufacturer*  and  other  authors  are  available  and  a  com¬ 
prehensive  list  of  references  ia  included  for  readers  who  wiah  to  atixiy  specific  subjects  from  other  sources. 

Structural  and  flutter  applications  of  accelerometers  have  not  been  covered  in  this  Paper  becauae 
these  subjects  are  special! ced  and  should  rightly  be  subject  to  separate  treatment. 


1  INTRODUCTION 

Accelerometers  belong  to  that  family  of  inertial  sensors  which  make  measurements  in  terms  of 
Newton's  laws.  Unlike  displacement  and  velocity,  which  arc  frequently  detaraiined  with  respect  to  arbitrary 
reference  levels,  acceleration  can  be  measured  on  an  absolute  basis. 

The  title  obviously  covers  a  host  of  devices  and  for  the  purpose  of  this  Paper  the  discussion  has 
been  confined  to  those  instruments  which  are  used  to  determine  the  linear  and  rotational  accelerations  of 
the  whole  or  part  of  the  rigid  body  of  an  aircraft  by  sensing  inertia  effects  within  the  vehicle  itself. 

Accelerometers  have  been  firmly  established  in  the  field  of  flight  test  fork  for  several  decades  and 
they  have  become  indispensable  tools  of  the  flight  teat  engineer.  They  are  used  to  determine  the  various 
linear  and  angular  accelerations  that  the  aircraft  experiences  from  control  inputs,  gusts  change  of  thrust 
or  aerodynamic  drag  etc.  It  is  probably  true  to  say  that  few,  if  any,  tests  concerned  with  research  into 
aircraft  flight  mechanics  are  conducted  without  the  aid  of  these  inertial  instruments. 

The  ever-widening  scope  and  ever-increasing  calibre  of  flight  test  work  demand  new  measuring  tech¬ 
niques  which,  in  turn,  require  new  and  improved  methods  of  measurement.  Consequently,  a  high  order  of 
technical  judgement  is  required  to  decide  which  of  tha  various  techniques  and  transducers  for  making 
measurements  are  most  appropriate  for  any  given  case. 

The  subject  it  dealt  with  from  the  viewpoint  of  a  flight  test  instrumentation  engineer  whose  concern 
is  to  guide  the  flight  test  engineer  in  selecting  the  correct  transducer  for  a  particular  job.  With  this 
in  view  the  author  has  aimed  at  familiarising  the  flight  test  engineer  (present  or  aspiring)  with  as  many 
aspects  of  the  subject  as  possible  to  enable  him  to  make  a  clear  choice. 

A  large  nusfcer  of  new  and  sophisticated  transducers  of  the  closed  loop  or  force  feedback  type  are  now 
readily  available  and  an  attempt  is  made  to  present  the  theoretical  and  practical  bcckgvouid  necessary  for 
an  understanding  of  the  behaviour  of  these  instruments.  Both  physical  design  problems  ai.rf  mathematical 
analysis  are  covered  and  special  emphasis  is  put  on  those  aspects  likely  to  be  relevant  to  aircraft  flight 
test  work. 

Naturally,  in  the  circumstances,  it  is  often  easy  to  forget  some  of  the  uimple  conventional  open  loop 
types  of  transducer  which  held  sway  several  years  ago.  Their  performance,  from  considerations  of 
expediency  of  completing  a  programme,  dynamic  performance,  cost  and  reduction  ol'  complexity  may  be  adequate 
for  certain  applications  and  indeed,  may  even  be  superior  to  that  of  the  more  elegant  types.  For  these 
reasons  a  survey  would  not  be  complete  without  them. 

The  main  purpose  of  the  text  is  devoted  to  relating  the  actual  problem:  associated  with  the  use  of 
particular  transducers  to  the  measurement  techniques  for  flight  test  work.  This  requires  that  the  basic 
fundamentals  and  general  principles  of  each  type  must  be  reviewed  and  tmplified.  Although  much  of  the 
mechanical  physics  involved  in  the  operation  of  the  instruments  is  well  -known,  they  are  included  herein 
with  no  apology  because  they  must  be  appreciated  if  pr*-’-’'-*!  solutions  .\re  to  be  sought. 
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2  OPEN  LOOP  LINEAR  ACCELEROMETERS 
2.1  Basic  theory 

Litvssr  accelerometers  da termina  the  acceleration  of  an  aircraft  by  measuring  the  so-called  forces  of 
inertia  always  appearing  in  non-uniform  or  curvilinear  motion.  The  most  commonly  used  arrange  sent  for 
■assuring  linear  acceleration  is  the  damped  mass-spring  system.  Pig.l  illustrates  a  simple  idealized 
single  axis  accelerometer. 

Its  action  is  based  on  measurement  of  the  movement  of  an  elastically  suspended  seismic  mass  installed 
in  a  housing  rigidly  attached  to  the  aircraft  being  investigated.  Dampers  are  used  to  provide  means  of 
controlling  the  response  of  the  instrument  to  dynamic  inputs.  These  accelerometers  have  been  known  for  a 
long  time  and  are  still  widely  used  in  flight  test  work. 

The  operation  of  an  accelerometer  is  based  on  Newton's  second  law:  a  finite  ease  opposes  acceleration 
with  a  force  proportional  to  the  product  of  the  mass  and  the  acceleration.  Referring  to  Fig. 1 ,  the  device 
consists  of  a  seismic  suss  m  ,  restrained  by  a  spring  of  stiffness  k_  and  daaped  by  a  viscous  friction 

force  b  dX/dt  .  The  mass  is  constrained  to  deflect  only  along  the  measuring  axis  of  the  instrument  and 

the  damping  force  b  dX/dt  ,  is  proportional  to  the  relative  velocity  of  the  mss  snd  opposes  its  motion. 
Displacement  of  the  massTs  sensed  by  a  pick -off. 

Let  the  frame  be  subjected  to  accelerated  motion  in  inertial  space  along  the  measuring  axis  of  the 
accelerometer.  Assume  that  the  frame  at  sote  time  during  the  motion  is  at  a  distance  Y  from  its  rest 
position  and  at  this  time  also  assume  that  the  mass  has  travelled  a  distance  2  in  inertial  space  from 

its  rest  position.  Hence,  the  relative  displacement  of  the  mass  to  the  frame  Is  then  Z  -  Y  ,  which  can 

be  represented  by  X  . 

It  is  clearly  seen  that  the  equation  of  motion  for  the  mass  m  acted  on  by  the  two  forces  -  the 
restoring  force  exerted  by  the  spring  and  equal  to  kX  ,  and  the  damping  force  equal  to  b  dX/dt  -  is: 

c  dX  d2Z 

-  kX  -  b  j-  -  m-j  (1) 


therefore 


-  kX  -  b  ^  - 
dt 


d  (X  ♦  Y) 

,2 


d  X  .  b  dX  .  k  d  Y  ... 

— 7  *:3r  •  (3) 

dt2  * dt  M  dt- 

The  two  sides  of  Eq(3)  must  be  of  different  sign  because  the  deflection  of  the. mesa  relative  to  the  case 
is  in  the  opposite  direction  to  the  applied  acceleration.  Putting  -  (k/m) *  »  undamped  natural 
circular  frequency*  and  5  -  b/2mun  -  dangling  factor*  relative  to  critical  we  have 

d2X  ^  dX  2  d2Y 

~2  *  25“„  dt  “nX  “  ”  TT  ’  (4) 

at  at 

This  is  the  general  equation  of  a  second-order  system  relating  displacement  of  the  mass  to  any  arbitrary 
input  Y  . 

The  steady  state  displacement  of  the  mass  m  to  a  constant  acceleration  ja  is: 


„  m 

X  -  ra 


2.2  Sinusoidal  excitation 


The  frequency  response  function,  i.e.  response  to  sinusoidal  excitation,  is  obtained  by  the  Laplace 
transformation  to  provide  both  the  amplitude  and  the  phase  angle  of  the  response  spectrum.  If  the  driving 
function  it  simple  harmonic  motion,  Y  •  A  sin  at  ,  then  from  Eq(4): 


X  +  2cu  X  +  w  X 
n  n 


Au  sin  ut 


Applying  the  Laplace  transformation  to  both  sides  of  this  equation  and  expressing  X(S)  as  the  transform 
of  the  function  X(t)  yields: 

3 

S2X(S)  -  SX(O)  -  X(0)  +  2;u  (SX(S)  -  X(0)}  +  u2X(S)  -  — -  (8) 

n  n  t 

(S  ♦  Ca>  ) 

where  X(0)  and  X(0)  are  the  initial  conditions  of  X(t)  . 

Noting  that  the  initial  velocity  and  displacement  are  both  usually  zero,  and  solving  for  X(S)  , 
Eq(8)  becomes:  ^ 

X(S)  “  2  2  /  2  2T  '  ^ 

(S*  +  m  +  S2cu>n  +  Un) 


*  un  and  t  arc  derived  in  Appendix  1  and  2. 
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By  resolving  Eq  (9)  into  partial  fractions  with  linear  complex  denominators  and  taking  the  inverse 
transform,  the  solution  is  expressed  as: 


X(t) 


(transient  term  decaying 
exponentially  with  time 


(10) 


where 


(11) 


The  first  term  of  the  right  hand  side  of  Eq(!0)  is  the  desired  steady  state  solution  (particular  integral). 
Therefore  the  output-input  relationship  is: 


and  letting  N  -  u/u 
n 

the  amplitude 

of  the  response 

spectrum  is  given  by: 

X(u)  « 

mod  X(Jfu)  - 

|[  (1  -  N2)2  ♦  (2cN)2]“i| 

(13) 

and  the  phase  angle  by: 

tan  $  - 

2CN 

: — n  • 

04) 

1  -  S' 


Linear  second  order  systems  can  be  completely  described  by  two  fundamental  parameters;  the  undamped 
natural  frequency  (fn)  and  the  damping  factor  relative  to  critical  £  .  By  referring  to  the  well-known 
family  of  response  cuPves  Figs. 2  and  3,  the  moduli  and  phase  shifts  of  these  systems  can  be  determined 
for  sinusoidal  excitation  at  any  frequency. 


These  response  curves  in  Fig. 2  can  be  represented  by  two  straight  lines  to  which  the  curves  become 
asymptotic  for  values  of  N  below  0.4  and  above  2.5.  It  is  seen  that  for  frequencies  below  the  natural 
frequency  the  relative  amplitude  of  the  mass  is  proportional  to  the  applied  acceleration,  whilst  for 
frequencies  above  the  natural  frequency  the  amplitude  of  the  mass  is  proportional  to  the  amplitude  of 
motion  of  the  vibrating  body.  In  the  latter  case  the  mass  of  the  accelerometer  behaves  like  a  free  mass 
and  registers  displacement  and  this  region  represents  that  part  of  the  frequency  spectrum  over  which 
seismographic  instruments  such  as  vibrographs  and  displacement  pick-ups  are  used. 


Mass-spring  systems  can  be  used  to  measure  velocity  or  displacement  in  addition  to  acceleration. 

In  fact,  this  family  of  pick-ups  respond  as  accelerometers  in  the  region  below  their  natural  frequencies, 
as  velocity  meters  near  their  natural  frequencies,  and  as  vibrometers  or  displacement  meters  in  the  region 
well  above  their  natural  frequencies.  Since  there  are  few  velocity  measuring  units  of  this  type  now  in 
use,  further  discussion  of  these  items  is  not  justified. 


The  equation  for  the  response  curve  of  a  displacement  pick-up  unit  is  derived  from  Eq(12),  and  is 
given  by 


X 

A 


[  (1  -  N2)2  +  (2CN)21  4 


05) 


In  other  words,  the  response  is  the  ratio  of  the  amplitude  of  vibration  of  the  mass  to  the  amplitude 
of  the  applied  vibration.  Response  curves  for  displacement  pick-up  units  for  different  values  of  damping 
are  shown  in  Fig. 4. 


2.3  Transient  response 


The  response  of  our  idealised  system  to  a  transient  forcing  function  is  now  considered.  Frequently, 
the  desired  characteristics  of  instrument  performance  are  readily  interpreted  in  terms  of  the  transient 
response . 


From  a  knowledge  of  the  manner  in  which  a  system  approaches  or  returns  to  a  steady  state  after  the 
application  of  step  or  iaq>ulsive  inputs  respectively,  the  engineer  can  estimate  the  value  of  the  damping 
factor  and  natural  frequency  of  the  system. 

In  general,  acceleration  steps  of  sufficiently  fast  rates  of  acceleration  change  are  physically 
difficult  to  realise.  However,  in  those  cases  where  access  can  readily  be  gained  to  the  mass-spring  system 
a  step-function  input  can  be  simulated  by  giving  the  mass  an  initial  displacement  and  suddenly  releasing 
it  from  this  position.  The  transducer  system  can  then  be  evaluated  on  the  basis  of  the  recorded  response 
to  a  step-function  input  as  if  a  pure  step-function  input  of  acceleration  had  been  impressed  on  the 
instrument. 
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In  wmy  instances,  however,  access  cannot  be  obtained  to  the  aoving  parts  and  Mthoda  employing 
impulsive  techniques  must  be  resorted  to.  The  inpul* iva  function  in  dynamics  can  be  considered  as  a  very 
large  force  acting  for  a  vary  short  tiM.  Perhaps  the  aost  sinpls  method  of  generating  an  impulse  function 
is  to  rest  the  accelerOMtar  case  on  a  table  on  one  of  its  edges  and  snap  down  the  case  on  to  the  table. 

When  the  case  makes  contact  with  the  table  kinetic  energy  is  imparted  to  the  transducer  and  this  initiates 
movement  of  the  mass-spring  system  relative  to  the  case. 

factors  which  wist  be  taken  into  account  are  the  relation  between  the  rate  of  application  of  the 
force  and  rate  of  deflection  of  the  mass-spring  system  and  also  movement  of  the  accelerometer  case  must 
have  ceased  imMdiately  when  the  face  of  the  case  made  contact  with  the  table.  Since  the  forcing  function 
cannot  be  determined  precisely  the  amplitude  versus  time  plot  of  the  transducer  output  is  not  evaluated 
until  after  the  recorded  response  has  reached  its  first  peak  value.  By  this  tiM  the  mass-spring  system 
should  be  executing  free  vibrations  and  the  response  of  the  eyctea  it  evaluated  on  the  basis  of  the  response 
to  a  step-function  input. 

Although  s  linear  system  may  be  completely  characterised  by  its  response  to  any  aperiodic  signal  it 
is  usual  to  consider  the  step  function.  Since  moat  second  order  systems  of  practical  intareet  are  under- 
critically  damped  (oscillatory),  only  this  case  will  be  considered.  The  method  makes  thrse  basic 
assumptions : 

(1)  The  system  is  linear,  and  therefore  possesses  a  Lap 1 sc*  transform. 

(2)  The  system  is  at  rest  before  epplicetion  of  the  transient  forcing  function. 

(3)  Che  forcing  function  is  a  unit  step  applied  at  time  equal  to  zero. 

The  response  to  s  ut’  *■  step  of  acceleration,  when  £  is  less  than  1,  is  obtained  from  the 
characteristic  differential  equation  of  motion  for  a  single-degree-of-freedom  transducer.  This  is  writtan  as 

mX  +  bX  +  kX  -  0  .  (16) 


This  equui 


- -ed  on  by  a  step  function  which  ia  expressed  as  a  function  of  time  thus: 


f(t)  -  0  for  t  <  0 

f(t)  «  F  for  0  <  t  <  ~  . 

Therefore  :  ,-qu  n  of  ri  of  the  aystem  under  analysis  is: 

u&  ♦  bX  +  kX  -  f(t)  .  (17) 

Applying  the  Laplsi  transform  to  this  equation,  and  with  initial  values  X  »  0  ,  and  X  ■  0  (even  if  the 
latter  is  not  set.,  .c  will  have  e  constant  displ eceaent  which  can  be  eliminated  for  the  purpose  of  analysis 
by  s  shift  in  the  coordinate  system),  yields: 

S2mX(S)  +  SbX(S)  +  kX(S)  -  |  .  (18) 

Re-arranging  and  substituting  u  «■  (k/m)4  ,  and  b/m  »  2;u  ,  gives: 


Letting 


“  sfs2  +  2co>nS  + 


w  (1  -  cV  - 

n 


and  taking  the  inverse  transform,  yields  the  response  function 


r  I.  -dt 

T  ’* 
nw  l 


d  -dt  ♦ 

cos  ct  -  —  e  sin  ct 
c 


Reverting  to  original  values  for  £  and  d  and  re-arranging  gives: 


-C«nt  .  w 

Kt> '  h  ' '  frrT?  r  [" ' tV  *  *]) 


-1  2  1  2 

where  A  “  t*n  (1  -  c  )*/t  and  is  the  steady-sts.te  displacement  as  £  -*■  » 
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In  order  to  put  Eq(21)  in  a  more  compact  and  workable  Corn,  let 

2 

wv.t*- 

X1  -  1  -  -f-  x 


A  -  - it 

(1  -  C  V 

u  -  (1  -  cV  », 


then  Eq(2 1)  can  be  written  with  theae  new  parameter a  as 


X,  -  Ae 


ain  (ut  *  ♦) 


This  ia  the  equation  of  a  daaped  sinusoid. 

Mow  the  difference  between  the  maximum  displacement  of  a  system  subjected  to  a  step  input  and  the 
ultimate  displacement  is  defined  as  the  overshoot.  It  ia  found  as  a  percentage  of  the  final  displacement 
from  setting  the  derivative  of  Eq (22)  equal  to  zero,  and  solving  for  the  wt^  product  at  the  first  maximum 
point.  The  per  cent  overshoot  is  a  function  of  the  damping  factor  only  and  is  given  by: 


per  cent  overshoot 


(-7*r) 


The  responses  of  a  second  order  system  (with  various  damping  factors)  to  a  step  input  are  illustrated 
in  Fig. 5  together  with  a  tabulated  list  of  per  cent  overshoots. 

It  can  be  shown  that  the  transfer  function  of  the  system,  in  Laplace  notation,  relating  displacement 
to  acceleration  is: 


This  is  often  expressed  in  the  form: 


3  CLOSED  LOOP  ACCELEROMETERS 
3.1  Basic  principles 

Closed  loop  accelerometers  or,  as  they  are  conzoonly  called,  force  feedback  acceleration  transducers 
have  a  precision  which  is  much  superior  to  that  of  open  loop  types.  Their  accuracy  is  such  that  the  ratio 
of  the  mum  measured  acceleration  to  the  minimum  is  oi  the  order  of  5000  or  more,  and  many  proprietary 
transducers  are  obtainable  with  this  kind  of  performance. 

The  achievement  of  this  high  accuracy  is  due  to  the  use  of  the  so-called  electric  spring.  Creation 
of  a  mass-spring  accelerometer  with  such  a  ratio  of  maximum  to  minimum  measured  accelerations  is  difficult 
because  practical  defects  caused  by  the  zone  of  insensitivity,  hysteresis  of  elastic  suspension  and  change 
of  spring  rate  due  to  temperature  changes,  to  mention  just  a  few,  all  coniine  to  limit  the  accuracy  of 
measurement . 

By  making  use  of  the  simplified  servoed  accelerometer  illustrated  in  Fig.6j  it  is  possible  to  develop 
and  present  the  basic  principles  of  closed  loop  accelerometers  in  a  simple,  physical  way. 

Let  V  be  the  voltage  produced  at  the  pick-off  due  to  movement  of  the  mass  relative  tothe  frame, 
end  let  I  —  be  the  current  at  the  amplifier  output  feeding  into  the  restoring  coil  situated  in  a  magnetic 
field.  I?c  V  is  proportional  to  movement  X  of  the  mass  m  of  the  accelerometer,  the  current  at 

the  amplifier  output  will  also  be  proportional  to  movement  X  . 

This  current  grows  in  the  restoring  coil  to  counteract  movement  of  the  mass.  Thus,  for  an  accelerat¬ 
ing  force  on  the  frame  acting  along  the  measuring  axis,  the  inertia  of  the  mass  causes  it  to  lag  behind  the 
movement  of  the  frame  until  the  product  of  mass  and  acceleration  is  equalled  by  the  force  from  the  electro¬ 
magnetic  restoring  coil. 

Consequently,  when  the  mass  has  reached  its  final  displacement  tb  electro-magnetic  feedback  force 
acting  on  the  mass  is  balancing  the  impressed  acceleration  force  and  hence  the  current  flowing  in  the 
restoring  coil  or  the  output  voltage  eppearing  across  resistor  R  will  be  accurately  proportional  to  the 
impressed  acceleration. 


It  follow*  that,  under  equilibriua  conditions,  tbs  following  staple  relationship  holds: 


k  I 


(26) 

(27) 


where 


Ic  *  force  coil  current 


is  -  aass  of  sensitive  element 
a  *  acceleration  along  sensitive  axis 

ka  “  force  to  balance  sensitive  element  per  unit  force  coil  current. 

(k  depends  on  coil  dimensions,  coil  current,  and  the  strength  of  the  magnetic  field  H  .) 

It  is  evident  from  inspection  of  Eq(27)  that,  provided  the  amplifier  is  not  driven  into  saturation  and 

that  the  working  range  of  the  pick-off  is  not  exceeded,  the  steady  state  accuracy  is: 

(a)  mainly  dependent  on  the  constancy  of  the  magnetic  field  H  in  the  air  gap  in  which  the 
force  coil  works 

(b)  independent  of  amplifier  characteristics ,  and 

(c)  unlike  that  of  a  simple  mass-spring  system,  independent  of  the  displacement  of  the  mass. 

In  fact,  the  pick-off, amplifier  and  restoring  coil  working  in  its  magnetic  field  can  be  considered 
as  constituting  the  components  oil  a  negative  feedback  loop  which  behaves  in  a  manner  similar  to  that  of 
a  mechanical  spring  but  without  having  the  latter's  unsatisfactory  characteristics. 


It  is  also  known  that 

Ic  “  kGX  (28) 

where  kg  -  total  gain  of  amplifier ,  pick-off,  and  feedback  circuit, 
and  X  »  displacement  of  sensing  element. 

Therefore,  for  a  given  acceleration,  i.e.  given  current,  change  of  system  gain  kG  alters  the 
working  displacement  of  the  mass  without  affecting  the  steady  state  sensitivity.  Hence  the  effects  of 
changes  in  amplifier  characteristics  are  eliminated  and  basically  there  is  no  limit  to  the  smallest 
acceleration  that  can  be  detected  and  measured. 

Referring  to  the  feature  listen  under  (a)  it  is  clearly  seen  why  high  accuracies  are  obtainable  from 
these  instruments  when  it  is  considered  that  changes  of  magnetic  stability  in  properly  stabilised  and 
protected  magnets  rarely  exceed  3  parts  in  100  000. 


The  preceding  simplified  analysis  of  the  behaviour  of  closed  loop  accelerometers  is  sufficient  to 
show  their  more  important  properties  under  steady  state  conditions.  For  instance,  it  is  now  evident  that 
the  most  important  advantage  emerging  from  the  discussion  is  the  fact  that  servoed  accelerometers  mike  use 
of  the  principle  that  acceleration  is  measured  directly  by  the  value  of  current  (or  voltage)  which  achieves 
force  balance  rather  than  from  the  indirect  measurement  of  displacement  of  the  mass-spring  system  as 
occurs  in  the  traditional  accelerometer. 

3.2  Dynamic  characteristics 

Our  elementary  force  feedback  accelerometer  is  also  useful  in  exploring  the  dynamic  characteristics 
of  this  type  of  instrument.  By  translating  the  physical  description  of  the  system  characteristics  in  Fig. 6 
into  mathematical  terms  the  system  equation  is  determined. 

It  has  been  shown  that  the  mass  m  is  acted  on  by  a  feedback  force  such  that 

feedback  force  -  -  k  I  .  (29) 

me 

Alio,  as  I  "  k_X  ,  we  can  write,  for  a  given  gain  k„  ,  that 

C  Vj  u 

feedback  force  ■  -  kX  (30) 


where  k  -  force  per  unit  displacement. 


The  mass  is  constrained  to  deflect  only  along  the  measuring  axis  of  the  instrument  and  the  damping 
force  b  dX/dt  is  proportional  to  the  relative  velocity  of  the  mass  and  opposes  its  motion.  Under  these 
conditions,  if  the  accelerometer  is  subjected  to  any  arbitrary  acceleration  d2Y/dt2  the  following  system 
equation  can  be  written: 


or 


n  — -=■  (Y  ♦  X) 
dt 


-  b 


dX 

dt 


-  kX 


d2X  b  dX  1  kX  d2 

d7  “  dt  m  dt2 


(31) 


(32) 
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Comparing  the  systam  equation*  for  the  open  and  closed  loop  type*,  it  i*  clearly  seen  that  our  two 
representative  accelerometers  are  dynamically  similar  and  are,  in  fact,  simple  second  order  systems.  At 
first  glance  it  would  also  appear  that  servoed  accelerometers  offer  only  an  increase  of  accuracy  over  open 
loop  types.  However,  this  is  not  so  and  there  are,  of  course,  other  advantages  which  will  now  be 
described. 


It  can  be  shown  that  the  undented  natural  frequency  of  simple  mass-spring  system*  is: 


l 

sr 


where  g  -  acceleration  due  to  the  earth's  gravitational  field,  and 
d  ■  deflection  of  mass  for  an  acceleration  of  t  g. 


(33) 


In  other  words,  the  natural  frequency  is  related  to  the  deflection  per  g  .  This  is  a  fundamental 
feature  of  these  systems. 

Now  for  a  given  acceleration  the  current  Xc  and  hence  the  product  kgX  is  a  constant.  It 
follows  that  the  natural  frequency  or  stiffness  of  the  systea  can  be  altered  by  changing  the  gain  kg 
without  altering  the  steady  state  sensitivity.  For  instance,  increasing  the  gain  by  a  factor  of  fouF 
doubles  the  frequency. 

Moreover,  in  practice  the  servo  controller  usually  includes  differentiating  and  integrating  networks 
to  obtain  the  required  dynamic  response  characteristics  and  for  stability  purposes.  The  addition  of 
these  networks  means  that  feedback  damping  instead  of  mechanical  damping,  i.e.  oil  and  eddy  current  damping, 
which  are  sometimes  difficult  to  apply,  can  now  be  incorporated  in  the  system. 

Thus  mean*  are  to  hand  to  change  both  the  frequency  and  damping  to  enable  tailored  frequency  response 
characteristics  to  be  produced.  There  would  be  considerable  difficulty  in  providing  this  degree  of 
flexibility  in  open  loop  types. 

Unfortunately,  many  servo  devices  incorporating  active  networks  in  their  closed  loops  constitute  third 
order  systems.  For  these  systems  the  input-output  phase  angle  may  vary  non-linearly  with  frequency  in  order 
that  stability  criteria  be  satisfied.  In  general,  this  variation  will  cause  distortion,  time  lags  of 
different  magnitudes  being  introduced  for  different  frequency  components  in  the  measured  acceleration. 


4  FUNDAMENTAL  BEHAVIOUR  OF  AN  ACCELERCHETER 


The  foregoing  has  served  to  explain  the  basic  principles  of  simple  mass-spring  and  servoed  accelero- 
meters.  However. the  development  of  the  syatem'a  differential  equation  (4)  tends  to  imply  that  the  device*  only 
detect  forces  which  cause  a  movement  of  the  main  body  in  which  they  are  housed.  In  fact,  this  movement 
can  be  influenced  by  accelerations  due  to  gravity  in  addition  to  those  caused  by  forces  of  non-gravitational 
origin,  for  example,  engine  thruat,  lift  and  drag.  The  accelerometer  does  not  measure  any  component  of 
the  acceleration  due  to  the  force  of  gravity  unless  an  equal  and  opposing  force  is  exerted  on  its  body. 

This  is  due  to  the  fact  that  the  gravitational  field  influences  simultaneously  both  the  aircraft  and  the 
seismic  mass  of  the  accelerometer  and  so  by  itself  produces  no  deflection  of  the  moss-spring  system.  An 
accelerometer  cannot  distinguish  between  kinematic  accelerations  and  mass  attraction  and  hence  the  effects 
of  any  component  of  gravity  acting  along  the  accelerometer  input  axis  must  be  allowed  for  if  it  is 
required  to  deduce  the  flight  path  of  the  aircraft.  Where  aerodynamic  forces  or  structural  loads  are 
required  no  such  allowance  will  be  necessary. 

What  happens  in  practice  can  conveniently  be  visualised  by  considering  in  more  detail  just  how  our 
simple  mass-spring  accelerometer  works.  For  instance,  consider  an  accelerometer  positioned  on  a  flat 
platform  such  that  its  measuring  axis  is  parallel  to  the  platform  surface. 

If  the  platform  is  held  horizontally  and  at  rest,  the  system  will  be  in  equilibrium  with  zero 
indication  of  the  accelerometer.  Now,  if  the  platform  is  tilted  over  an  angle  £  while  the  accelerometer 
is  held  on,  it  will  indicate  the  coaqionent  of  gravity  g  sin  0  .  If  Che  accelerometer  is  allowed  to  slide, 
in  the  absence  of  frictional  forces,  it  will  experience  an  acceleration  of  g  sin  0  along  the  tilted 
platform,  and  indicate  zero.  With  friction  the  indication  will  be  proportional  to  the  friction  force  only. 

When  the  instrument  is  moved  along  the  platform  with  a  given  non-gravitational  acceleration,  the 
inertia  of  the  mass  causes  it  to  lag  behind  the  movement  of  the  case  until  the  spring  is  stretched  to  the 
point  that  it  exerts  on  the  mass  a  force  equal  to  the  product  of  the  mass  and  acceleration.  This  deflection 
of  the  mass  from  its  rest  position  can  be  read  as  an  indication  of  this  non-gravitational  force  exerted  on 
the  instrument. 


Now,  if  the  accelerometer  is  placed  on  the  platform  so  that  its  measuring  axis  is  vertical,  mass 
attraction  it  acting  along  the  sensitive  axis  of  the  accelerometer  and  pulling  the  seismic  mass  toward  the 
platform  until  it  is  balanced  by  spring  tension.  Observing  and  interpreting  this  output  just  as  in  the 
horizontal  case,  it  might  be  inferred  that  the  instructor:  was  being  subjected  to  vertical  motion  and  that, 
in  fact,  it  was  being  accelerated  upward  at  1  g.  This  misinterpretation  is,  as  previously  stated,  due 
solely  to  the  fact  that  the  accelerometer  cannot  distinguish  between  path  accelerations  and  mass  attraction. 
From  a  physical  point  of  view  and  endeavouring  to  present  deductive  reasoning  in  words  rather  than  in 
sy^>olic  form,  tne  platform  can  be  considered  to  push  up  on  the  instrument  with  a  measurable  force  which 
would  produce  an  actual  upward  acceleration  of  I  g  if  gravity  itself  were  not  also  operating. 

Similarly,  an  aircraft  in  steady,  level  flight  will  require  an  upward  force  mainly  from  the  wing 
lift,  exactly  counteracting  the  acceleration  of  gravity,  while  thrust  and  drag  must  be  balanced  in  the 
horizontal  plane.  Earth-oriented  accelerometer*  -  e.g.  movi.ted  on  an  earth-oriented  stabilized  platform  - 
would  in  this  case  indicate  A.,  -  1  g  in  the  true  vertical  and  Aj,  -  0  g  horizontally. 


In  Mit  practical  casta  tha  accelerometers  will  bt  find  to  the  aircraft,  generally  oriented  ia  tha 
diractioa  of  tha  aircraft  uti  X  ,  T  and  Z  .  In  tha  abova  caaa  (laval  flight)  tha  X-  and  Z-axas 
will  ba  tiltad  relative  to  aarth-oriaated  anas  over  an  amount  equal  to  tha  angle  of  attack  a  .  As  the 
ecceleretioD  resulting  from  vectorial  addition  of  its  three  components  should  still  ba  1  g  tEe  following 
sisals  relations  exist  for  tha  case  of  steady,  straight,  level  flight  (with  wing  level): 


g  cot  a 


g  sin  a 


The  kinematic  acceleration  of  the  aircraft  follows  from  vectorially  subtracting  the  acceleration  of 
gravity  from  the  resultant  measured  acceleration.  In  tha  abova  case  the  kinematic  acceleration  will  than 
ba  found  to  be  saro,  indicating  steady  flight,  as  was  the  initial  assumption.  If  tha  wing  lift  is  made 
sero,  the  indication  of  the  vertical  accelerometer  will  drop  to  saro,  in  this  case  the  aircraft  follows  a 
ballistic  trajectory.  As  was  mentioned  before,  rather  than  gravity  the  on-board  accelerometers,  accord¬ 
ing  to  their  orientation,  indicate  the  external  non-gravitational  forces  that  work  on  the  aircraft, 
i.e.  lift,  drag,  and  thrust.  They  do  so  irrespective  of  the  attitude  of  the  aircraft. 

In  a  steady  cliab  (see  upper  part  of  Pig. 7),  again  the  resultant  acceleration  Ar  is  true  vertical 
and  equal  to  1  g.  In  this  case,  however,  the  X-  and  Z-axas  are  tilted  over  an  angle  6  ■  a  ♦  y  , 
making  the  accelerometer  indications: 


g  cos  8  -  g  cos  (o  ♦  y) 


g  sin  8  •  g  sin  (a  ♦  y) 


If  the  angle  of  attack  £  is  known  the  cliab  angle  -  and  therefore  the  aircraft's  excess  performance 
or  excess  power  -  can  be~daduced  from  the  accalaroamter  readings  with  the  above  equations.  The  same 
holds  true  in  the  general  case  where  kinematic  acceleration  is  not  zero  and  the  resultant  accelerometer 
indication  is  no  longer  oriented  vertically  (see  lower  part  of  Pig. 7).  In  this  case  an  equivalent  clirti 
performance  can  be  determined  which  is  tha  sum  total  of  the  aircraft's  actual  cliab  perfonsance  during  the 
test  and  its  residual  acceleration  performance.  As  it  is  total  excess  performsnee  which  is  tha  desired 
quantity  in  performance  flight  testing,  it  is  not  necessary  to  determine  climb  and  acceleration  separately. 

In  general,  lift  and  excess  thrust  AT  ■  T  -  D  (respectively  normal  to  and  in  the  flight  path)  can 
be  determined  from  accelerometer  indications  by  transferring  the  accelerometer  measurements  from  airersft 
axes  to  wind  axes  as  follows  (see  upper  part  of  Fig. 7): 

A  *■  A  sin  o  ♦  A  ecs  a  -  gL/W 

n  x  z  • 

(35) 

A  »  A  cos  a  -  A  sin  a  »  g(T  -  D)/W  «  dV/dt  +  g  sin  y 

p  X  z 

Aircraft  perfonsance  or  Specific  Excess  Power  (SEP)  can  then  be  determined  thus: 


-  VAT/W  -  (V/g)dV/dt  +  V  sin  y  -  (V/g)dV/dt  +  dH/dt 


^  (JmV2  ♦  mgH) 


This  determination  of  climb  or  acceleration  performance  from  accelerometer  indications  only 
requires  knowledge  of  the  angle  of  attack  a  ,  e.g.  from  vane  indication.  In  general.  Ay  can  be  deleted 
as  this  determines  the  aorodynasdc  force  due  to  sideslip,  which  is  generally  zero.  Some  misalignment  of 
A,  and  A,  relative  to  aircraft  axes  can  be  tolerated  at  long  as  a  is  calibrated  (in  steady,  level 
flight)  relative  to  the  orientation  of  the  longitudinal  accelerometer,  which  then  should  remain  invariant 
over  the  rest  of  the  tests. 

For  simple  tests  like  deterainstion  of  stick  force  per  g  ,  generally  the  contributions  of  A-  and 


are  neglected  and  only 


is  used. 


For  VTOL  aircraft  a  is  meaningless  in  hovering  flight.  Therefore,  if  accelerometers  are  used  they 
must  be  earth-oriented  through  using  a  stabilized  platform.  The  flight  path  in  this  case  is  calculated 
from  integration  of  the  horizontal  and  vertical  acceleration.  A  slight  misalignment  of  the  platform  then 
will  introduce  errors  as  the  resulting  component  of  gravity  will  be  interpreted  as  a  horizontal 
acceleration. 

A  further  application  of  accelerometers  on  a  stabilized,  earth-oriented  platform  is  in  inertial 
navigation,  where  extreme  accuracy  is  required  both  in  orientation  and  in  indication  of  the  accelerometer, 
as  the  position  of  the  aircraft  is  calculated  from  double  integration  over  a  long  period  of  time. 

Since  the  quantity  to  be  measured  in  many  applications  is  the  acceleration  of  the  centre  of  gravity 
of  the  aircraft  this  should  be  the  point  of  attachment  of  the  instrument.  However,  the  physical  layout  of 
many  aircraft  precludes  the  possibility  of  locating  the  instruments  at  this  point.  The  fact  that  the 
instrument  may  be  located  at  some  distance  from  the  centre  of  gravity  involves  the  introduction  of 
appreciable  errors  into  the  basic  measurement.  Interfering  terms  such  as  angular  velocities  and  angular 
accelerations  have  now  got  to  be  considered  and  the  analysis  of  the  instriaent's  output  has  now  to  be 
carried  out  by  writing  the  absolute  acceleration  of  the  instrument  in  terms  of  the  aircraft  centre  of 
gravity  notions.  A  comprehensive  analysis  of  these  interference  terms  and  the  evaluation  of  errors  to  be 
expected  in  particular  installations  are  outlined  in  Vol.II,  Chapter  II,  of  the  AGAKD  Flight  Test  Manual^. 
Aero-elasticity  also  creates  special  problems  because  of  the  difficulties  encountered  in  defining  the 
orientation  of  the  axis  of  the  centre  of  gravity  of  a  non-rigid  aircraft. 
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5  ACCELEKMETEE  REQUIREtCETS  FOR  FLIGHT  TESTf  WORK 

It  is  convenient  *t  thi*  ittp  to  five  •  short  presentation  of  so**  of  the  flight  test  net  hods 
together  with  specific  test  objectives  in  which) scceleroesters  ere  required  for  measuring  purposes.  This 
approach  acquaints  the  reader  with  i^ortant  challenging  applications  so  that  he  is  fully  equipped  to 
assess  and  appreciate  the  ability  or  otherwise  j>f  various  types  of  transducers  to  satisfy  numerous 
stringent  requirements. 

I 

1 

5.1  Dynamic  stability  tests  ) 

i 

A  typical  dynaaic  investigation  is  the  evaluation  of  the  main  aerodynamic  stability  derivatives, 
both  lateral  and  longitudinal.  One  fora  of  thi)s  type  of  test  ashes  use  of  the  free  oscillation  aethod 
which  requires  a  control  input  to  the  aircraft  to  excite  it  in  a  known  mode  of  oscillation. 

I 

In  the  particular  study  of  Dutch  roll  characteristics  physical  parameters  such  as  lateral  acceleration, 
roll  rate,  and  yaw  rate  amongst  others  are  measured  and  recorded  during  the  decay  of  the  free  oscillation. 

Aarodynaadc  derivatives  in  yaw,  roll  and  sideslip  are  subsequently  reduced  from  the  recorded  date. 

The  flight  testing  procedure  requires  the  study  of  these  properties  at  various  values  of  lift 
coefficient  but  at  reasonably  constant  Mach  nuaber  and  height.  To  achieve  high  values  of  lift 
coefficient  it  awy  be  necessary  to  meacure  the  aircraft's  response  to  control  pulses  during  turning 
manoeuvres  involving  high  values  of  normal  acceleration  but  during  which  Mach  lumber  and  height  vary  slowly 
enough  to  leave  the  aarodynaadc  forces  and  noijasnts  relatively  unaffected  by  the  rate  of  change  of  these 
parameters.  This  means  that  the  lateral  accelerometer  is  measuring  magnitudes  of  the  order  of  0.2  g  or 
less  in  the  presence  of  a  4g  cross-axis  component . 

Furthermore,  the  semi-graphical  nature  of  the  time  vector  analysis  technique12  demands  uncertainties 
of  less  than  12  in  modulus  and  1°  or  better  in  phase  over  a  frequency  range  of  0-1  Hz  from  the  meaaure- 
ment  of  the  physical  parameters  to  guard  against  gross  mistakes.  For  instance,  it  has  been  found  that  an 
'nstruamnt  error  of  1°  in  phase  angle  measurement  may  represent  an  error  of  10  to  152  in  the  modulus  of 
the  time  vector  representing  the  required  foirce  or  moment  which  closes  the  vector  polygon.  These 
stringent  requirements  for  transducers  used  for  derivative  extraction  hold  irrespective  of  the  analysis 
technique  used,  e.g.  response-curve  fitting,:  Shinbrot  etc.  For  tests  where  phase  angle  measurements  are 
of  special  importance  accelerometers  with  damping  factors  of  about  0.75  critical  damping  are  advantageous 
because  the  relative  delay  time,  i.e.  the  phase  shift  time,  which  determines  the  distortion  of  the 
indication  in  multiples  of  the  time  of  oecilletion  of  the  undeaped  system, is  0.25  f-1.  In  feet,  with 
this  damping  factor,  the  phase  lag  i«  virtually  proportional  to  frequency  ever  a  wide  frequency  band  up 
to  Uq  and  at  the  same  tism  the  response  modulus  is  very  nearly  unity  up  to  say  N  -  0.5. 

5.2  VSTOL  teste 

! 

Severe  environmental  problems  on  VSTOL)  and  ST0L  aircraft  call  for  quantitative  information  on  the 
thrust  delivered  by  the  lift  engine.  In  practice,  this  is  obtained  from  the  measurement  of  vertical 
acceleration.  Accelerometers  are  required  tp  detect  accelerations  in  the  region  of  5  »  10-4  g  at  ambient 
temperatures,  in  some  cases,  of  up  to  50°  to;  60°C,  and  in  the  presence  of  severe  vibrational  noise. 

5.3  Gust  research 

Programmes  of  work  directed  towards  investigations  of  atmospheric  turbulence  call  for  the  measurements 
of  both  the  gust  input  snd  the  aircraft  response.  Tests  of  this  nature  may  require  the  measurement  of 
acceleration  to  better  than  10“3  g  at  frequencies  as  low  as  0.01  Hz. 

5.4  Drag  measurements 

One  of  the  quantities  which  may  be  of  direct  importance  in  the  determination  of  the  drag  of  an 
aircraft  is  the  measurement  of  acceleration  along  the  flight  path.  To  enable  the  drag  coefficient  to  be 
determined  with  reasonable  accuracy  this  measurement  is  required  to  better  then  10~3  g,  possibly  in  the 
presence  of  high  'g'  cross-accelerations  and  vibration.  This  means  that  flight  path  axes  snd  aircraft 
datums  relative  to  the  accelerometer  axes  must  be  known  to  at  least  10"3  radians. 

5.5  Inertia  measurement  in  flight 

When  dynamic  properties  of  aircraft  are  being  studied  it  is  important  to  have  a  precise  knowledge  of 
the  moment  of  inertia  of  the  aircraft  about  a  specific  exis.  A  novel  method  for  obteining  the  yew  inertia 
consista  of  jettieoning  a  wing-tip  parachute  thu*  causing  e  step  input  of  yawing  moment  and  by  measuring 
the  resultant  angular  acceleration  in  yaw  the  yaw  inertia  is  obtained.  It  has  been  found  that  for  these 
tests  an  angular  accelerometer  is  required  to  measure  one  or  two  degrees/s?  to  better  than  12  and  also  it 
should  have  dynamic  characteristics  which  are  linear  over  e  frequency  range  of  0-40  Hz.  The  latter  feature 
enable*  transient  inputs  to  be  simulated  on  the  instrument  corresponding  to  those  encountered  in  the  test* 
so  that  calibration  data  is  obtained  consistent  vith  the  above  accuracy.  Although  a  pair  of  linear  lateral 
accelerometers  mounted  at  the  nose  and  tail  of  an  aircraft  have  been  used  for  measuring  yaw  acceleration 
with  satisfactory  results,  difficulties  may  be  experienced  with  the  use  of  this  technique  on  less  rigid 
aircraft. 

6  PROPRIETARY  TRANSDUCERS 

6.1  Mass-spring  accelerometers 

Many  types  of  open  loop  transducers  are  available  from  comemrcial  sources  snd  it  is  not  the  intention, 
within  this  Paper,  to  produce  a  documented  survey  or  catalogue  of  these  devices.  Excellent  market  surveys 
on  accelerometers  have  been  reported  in  several  periodicals  and  these  include  a  comprehensive  list  of 
tabulated  variables. 
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Sowmvmr,  it  is  appropriata  st  this  stags  to  discuss  many  of  tbs  basic  principles  and  alamants 
alloyed  in  thasa  units  to  sea  how  such  features  as  steady  state  and  dynamic  accuracy,  range,  cross-effects 
and  performance  under  environmental  conditions  are  affected.  Fortunately,  a  discussion  of  this  hind  can 
be  kept  within  bounds  whan  it  is  realised  that  the  various  kinds  of  accelerometers  have  a  good  desl  in 
cosmon,  at  least  so  far  as  concerns  the  critical  mechanical  and  electrical  elements.  The  daaped  mass-spring 
accelerometer  is  taken  as  a  type  instrument,  many  of  the  problems  of  which  are  pertinent  to  other  kinds  of 
accelerometers . 

For  several  decades  the  damped  mass-spring  accelerometer  has  been  the  traditional  tool  used  to 
measure  the  acceleration  of  an  aircraft  without  reference  to  :be  external  environment.  Even  today,  when 
other  types  are  available  many  measurements  are  still  made  with  chess  units.  In  this  type  of  eccelerosmter 
the  force  of  *  spring  balances  the  acceleration  force  imposed  on  a  mass.  Typically,  the  acceleration  is 
detected  by  measuring  the  deflection  of  the  mass-spring  assembly  with  a  pick-off.  Dating  of  the  system  is 
provided  by  dash-pots  or,  preferably,  by  a  conducting  ring  or  disc  moving  in  a  strong  magnetic  field  (eddy 
current  damping) . 

6.2  Spring  suspensions 

The  sensing  element  is  most  frequently  a  mass  suspended  on  springs.  Spring  configurations  cone  in 
many  forma  the  more  common  being  cantilever  and  crossed  leaf,  spring  hinge,  pivoted  arm  with  helical  springs, 
and  slotted  diaphra^  or  so-called  spider  suspensions. 

The  proper  design  of  these  spring  systems  is  of  the  utmost  importance  in  the  design  of  a  satisfactory 
ac  calc  roaster.  With  improper  design  the  best  of  component  parts  may  give  poor  performance  and  the  system  as 
a  whole  may  be  subject  to  errors  from  several  sources.  For  instance,  by  choosing  first  class  spring  material 
unwanted  small  displacements  of  the  sensing  elemsnt,  resulting  from  temperature  dependent  dimensional  changes 
and  from  hysteresis  effects,  are  kept  to  a  minimum.  In  addition,  springs  should  have  a  linear  load- 
deflection  characteristic  over  the  entire  working  range  and  a  relatively  high  stiffness  in  ell  directions 
other  than  that  in  the  measuring  direction  of  the  instrument. 

It  is  also  desirable  to  ensure  that  the  mass  moves  in  rsctilinssr  motion.  Spring  assemblies,  in  which 
ths  sensing  element  rotates  about  some  form  of  pivot  or  spring  hinge,  sre  the  origin  of  *oma  of  the  errors 
such  as  cross -coupling  and  rectification  (refer  to  section  11. 4)  present  in  accelerometers.  For  instance, 
if  the  mess  moves  in  an  ere  in  the  presence  of  cross  accelerations,  an  output  error  which  la  related  to  the 
product  of  the  cross  and  activa  acceleration  conponants,  ia  introduced. 

6.3  Electrical  pick-off 

The  electrical  pick-off  ia  employed  to  transform  a  mechanical  input,  such  as  a  displacement,  into  an 
alectrical  output.  Host  present  day  accelerometers  employ  contactleaa  pick-offa  for  this  purpose.  However, 
moving  contact  variabla  resistance  devicea  (potentiometers)  were  used  extensively  some  years  ago  and  some 
are  even  in  use  today.  TKsy  have  inherent,  disadvantages  and  the  criticisms  normally  levelled  at  these 
pick-offa  arc: 


(a)  mechanical  wear  may  lead  to  erratic  bahaviour  and  avantually  to  failure, 

(b)  high  operating  force  or  torque  is  required  to  minimise  friction,  and 

(c)  the  resolution  is  limited  by  the  number  of  turns  on  the  slide-wire. 

'Coulomb'  friction,  i.e.  friction  whose  magnitude  is  independent  of  velocity,  has  a  well-deserved 
reputation  for  causing  dynenic  non-linearities  in  measuring  instruments.  Thus,  an  accelerometer  in  which 
Coulomb  friction  is  present  carries  with  it  the  limitations  of  resisting  the  motion  until  the  acceleration 
force  is  sufficient  to  overcome  the  frictional  force  (dead  spot)  coupled  with  a  dynamic  response  which 
cannot  be  described  by  a  linear  differential  equation  with  constant  coefficients. 

On  the  other  hand  variable  reluctance,  linaar-vsriable-differcntial  transformer  (LVDT)  and  variable 
capacitance  pick-offs  provide  significant  advantages  in  that  sliding  contact  and  friction  problems  are 
avoided  and  even  smell  displacements  are  capable  of  being  converted  into  suitable  output  signals  if 
dimensional  changes  of  the  measuring  instrument  due  to  temperature  are  small . 

6.4  Dampers 

The  use  of  dampers  on  accelerometers  is  necessary  to  provide  means  of  controlling  the  response  of 
the  instrument  to  dynamic  inputs.  For  high  dynamic  performance  it  is  important  to  ansura  that  ths  damping 
is  proportional  to  velocity  and  does  not  alter  appreciably  under  environmental  conditions  experienced  in 
flight.  The  characteristics  of  gas  and  oil  dating  systems,  working  in  either  the  viscous  shear  or  fluid 
displacammnt  configuration,  change  appreciably  with  pressure  and  temperature  respectively.  Although  the 
variation  in  viscosity  of  silicons  oil  with  temperature  is  much  less  than  for  other  oils  it  is  still 
nevertheless  large  enough  to  be  i portent  in  the  accurate  and  reliable  prediction  of  the  dynamic  performance 
of  acceleration. 

Other  disadvantages,  more  obscure  perhaps,  but  nevertheless  important,  associated  with  these  types  of 
damping  systems  sre  secondary  mass  effects,  viscous  effects  superis^osed  on  shear  damping  and  compressibility 
effects. 

Many  present  day  accelerometers  incorporate  methods  for  control  of  the  damping  medium  by  locating 
diaphra^e  in  the  fluid.  They  allow  for  the  expansion  and  contraction  of  the  fluid  with  change  of  tes^erature 
and  control  the  dating  over  a  large  range  of  temperature. 
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For  high  dynamic  performance  the  da  vice  that  satiafiaa  most  requirements  for  wlocity  daaping  under 
all  conditions  is  th*  eddy  current  d taper.  Difficulty  any  be  experienced  in  trying  to  incorporate  this  type 
of  damping  due  to  the  sixe  of  aagnets  required  but  the  rewards  of  achieveaent  are  worthwhile  in  that  the 
daaping  force  iei 

(a)  for  all  practical  purposes,  proportional  to  velocity,  and 

(b)  changes  only  slightly  with  temperature  end  is  independent  of  atmospheric  pressure.  Furthermore 

no  links  or  lever  aras,  which  can  introduce  friction  or  backlsrh  into  the  system,  ere  required. 

6.5  Other  type*  of  acceleroaeter 

The  basic  ingredients  of  aess-spring  accelerometers  have  been  described.  However,  many  other  groups, 
employing  e  wide  range  of  baaic  detector-transducer  principles,  are  available.  Since  e  text-book  rather 
than  a  chapter  would  be  required  to  cover  them  all  the  discussion  has  been  confined  to  those  characteristics 
which  aaka  their  behaviour  different  to  thst  of  the  state-spring  type. 

The  most  common  of  these  types  employ  strain  gauges,  both  unbonded  and  bonded  foil  types,  piezo¬ 
electric  and  pieso-resietive  and  the  so-called  vibrating  string  device. 

6.5.1  Strain  gauge 

Strain  gauge  accelerometers  exist  in  many  configurations  and  because  of  their  email  sixe  and  the 
fact  that  they  have  infinite  resolution  they  are  well  suited  for  flight  test  work.  They  can  be  energised 
by  ec  or  dc  voltages  and  although  their  outputs  are  on  the  low  tide,  integrated  circuit  components  can  be 
incorporated  to  provide  a  high  output.  Daaping  is  usually  by  oil  and  response  it  available  to  high 
frequencies.  They  are  available  over  a  wide  range  of  acceleration. 

6.5.2  Piezo-electric 

The  basic  eleamnt  in  a  piezo-electric  accelerometer  is  e  block  of  crystalline  material  which,  when 
subjected  to  mechanical  strain  in  a  preferred  axis,  is  capable  of  generating  an  electrical  potential. 

These  transducers  are  generally  limited  to  measuring  dynamic  inputs  as  the  potential  developed  by  an 
initial  application  of  strain  it  only  held  until  the  charge  finally  leaks  away.  Aa  it  is  difficult  to 
incorporate  daaping  mechanism*  use  is  restricted  to  the  flat  part  of  tha  modulus  over  the  frequency 
spectrum.  In  most  cases  this  is  no  hardship  as  natural  frequencies  extend  to  many  thousands  of  hertz  and 
although  the  damping  is  low  it  is  not  zero.  They  have  the  adventage  of  being  very  robust  and  are  obtainable 
in  many  ranges. 

6.5.3  Piezo-resistive 

Piezo-resistive  ecceleroaeters  use  semi-conductor  strain  gauges  bonded  to  a  flexural  spring  support¬ 
ing  a  seismic  mass.  The  piezo-resistive  device  consists  of  a  single  element  cut  from  a  crystal  of  silicon. 
The  material  possesses  a  very  much  higher  piezo-resista:>ce  characteristic  (change  in  specific  resistance 
vith  strain)  than  do  metal  strain  gauges  which  depend  mainly  on  dimensional  changes  to  obtain  a  change  in 
resistance.  Unlike  piezo-electric  devices  thsy  require  electrical  excitation  uni  they  respond  to  dc  or  zero 
frequencies.  Another  characteristic  of  piezo-resistive  transducers  is  that  they  have  lew  output  impedances 
which  avoid  noise  problems  particularly  where  long  cable  lengths  are  required. 

Piezo-resistive  accelerometers  are  ideal  tools  for  measuring  vibration  and  transients.  Fur  these 
applications  they  provide  significant  advantages  in  high  frequency  response  over  their  metal  strain  gauge 
counterparts  and  their  outputs  are  significantly  higher. 

6.5.4  Vibrating  reed 

The  vibrating  string  device  is  considered  to  be  a  very  accurate  device  for  operational  use.  Its 
design  is  baaed  on  a  very  clever  concept.  A  mass  is  supported  by  two  flexible  tapes  that  are  caused  to 
vibrate  with  frequencies  proportional  to  the  tensions  applied.  Both  tapes  have  a  preset  tension.  Under 
acceleration,  however,  the  matt  causes  an  increase  of  tension  in  one  tape  and  a  decrease  in  the  other. 

The  frequency  difference  between  the  two  tapes  is  proportional  to  the  applied  acceleration.  As  frequency, 
of  all  the  physical  parameters,  can  be  measured  most  accurately  this  device  offers  high  precision  p-  . Jcrmance 
with  great  simplicity  and  reliability.  Moreover,  cross-effects  can  be  reduced  t©  a  minimum  because  the 
tensions  increase  equally  and  hence  the  frequency  difference  is  unaffected.  However  errors  may  be  produced 
if  the  instrument  is  used  in  a  severe  vibrational  environment. 

7  CLOSED  LOOP  ACCELERCHETERS  FOR  FLIGHT  TEST  WORK 
7.1  Operating  principles  of  pivoted  arm  type 

There  are  two  main  types  of  force  feedback  accelerometer,  differing  in  the  method  of  suspending  the 
sensing  element.  They  ere  the  pendulous  arm  and  the  rectilinear  types,  schematic  diagrams  of  which  are 
shown  in  Fig. 8.  The  former,  which  is  by  far  the  most  cosznon,  may  employ  a  pivot  and  bearing  but  for  the 
highest  precision  a  spring  hinge  is  used  as  in  this  illustration.  The  mass  is  free  to  move  along  the 
seneitiv*  axis  and  its  displacement  is  measured  by  an  inductive  or  capacity  pick-off.  The  force  coils 
which  are  attached  to  the  mass  move  in  gaps  of  the  permanent  magnets.  The  working  of  the  force  feedback 
system  can  be  seen  from  Fig. 9.  If  an  acceleration  is  applied  to  the  case  along  the  sensitive  axis  the 
aags  (pendulous  arm)  will  move  from  the  null  position  relative  to  the  case.  This  produces  an  emf  in  the 
pick-off  coil  which  is  roughly  proportional  to  displacement.  After  amplification  and  phase  sensitive 
rectification  this  signal  is  applied  to  the  restoring  coil  which  reacts  with  the  permanent  magnetic  field 
to  return  the  mass  towards  the  null  position;  the  actual  final  displacement  is  inversely  proportirnal  to 
the  amplifier  gain.  If  the  closed  loop  system  has  a  high  enough  gain,  the  stiffness  of  the  suspension  is 
negligible  and,  under  steady  state  conditions,  the  acceleration  force  is  balanced  entirely  by  the  electro¬ 
magnetic  restoring  force.  It  has  already  been  shown  that  the  sensitivity  is  practically  independent  of 
changes  in  loop  gain*  and  provided  both  the  permanent  magnet  and  the  mess  are  stable  the  current  in  the 
restoring  coil  will  be  accurately  proportional  to  acceleration.  Usually,  the  current  is  converted  to  a 
proportional  voltage  by  means  of  a  precision  readout  resistor. 
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7.1.1  Servo  loop  characteristic* 

Many  commercial  instruments  employ  high  loop  gains  to  reduce  the  effects  of  residual  forces,  friction 
and  cross  acceleration*  and  if  little  or  no  mechanical  da aping  is  present  the  modulus  passes  so  close  to 
the  -I,  JO  point  on  a  Nyquist  diagram  that  phase  and  gain  margins  are  not  sufficiently  adequate  and  thus 
the  systsm  is  unstable.  In  order  to  stabilise  the  system  and  at  the  same  time  obtain  controlled  or 
specially  tailored  dyusadc  response  characteristics  damping  must  be  introduced  into  the  system.  There  are 
two  methods  of  introducing  damping  into  force  feedback  accelerometers. 

Oue  is  to  mechanically  damp  the  loop  by  filling  the  unit  with  a  suitable  oil  or  by  employing  eddy 
current  dating  if  space  permits .  This  method  has  the  advantage  that  atabiliaing  or  active  frequency  - 
sensitive  networks  are  either  aisplified  or  even  avoided  altogether. 

The  other  method  produces  a  velocity  term  by  either  introducing  a  velocity  feedback  coil  into  the 
closed  loop  circuit  or  by  employing  a  phase-lead  (differentiating)  network.  A  phase-lead  network  has  the 
property  of  reducing  the  oversll  phase  shift  (lag)  of  the  system  which  prevents  the  modulus  from  coming 
too  close  to  the  critical  point  on  a  Nyquist  diagram.  Thus  the  gain  is  increased  at  high  frequencies 
which  results  in  a  stiffer  system  in  addition  to  improving  the  damping.  In  common  with  other  types  of 
servo  systems  for  aircraft  use  the  performance  should  be  satisfactory  if  the  phase  margin  is  about  30°  and 
the  gain  margin  at  least  6  db. 

Although  the  pendulous  arm  types  are  easily  the  most  comon  amongst  high  precision  accelerometers, 
they  are  not  necessarily  the  best  suited  for  flight  test  applications.  They  are,  in  fast,  susceptible 
to  transverse  accelerations  impressed  along  the  arm  because  as  the  mass  rotates  about  the  pivot  or  hinge 
the  direction  of  the  sensitive  axis  is  ebangsd  slightly.  To  limit  these  effects  systems  are  made  very 
stiff  so  that  the  displacement  per  g  is  small.  The  fact  that  these  instruments  have  now  got  high 
natural  frequencies  make  them  susceptible  to  high  level  vibrational  environments  which  may  drive  the 
system  into  non-linear  and  unsymmetrical  regions  of  the  amplifier  gain  characteristics.  Because  of  the 
importance  of  the  effects  of  vibration  on  system  performance,  section  It  is  devoted  to  this  subject. 

7.1.2  Sensitivity  to  angular  acceleration* 

In  general,  a  pivoted-arm  linear  accelerometer  responds  to  torques  impressed  about  and  parallel  to  its 
axis  of  suspension  a*  well  as  to  linear  accelerations  acting  on  the  mass.  Consider  an  idealized  pivoted-arm 
acceleroswter  of  point  mass  m  and  length  l_  .  Then  the  torques  impressed  on  the  device  by  angular 
acceleration  about  the  pendulum  axis  and- by  linear  acceleration  £  acting  along  the  measuring  axis  are: 

2" 

T^  •  ml  6  T^  •  mix  cos  6  . 

Tor  many  accelerometers  6  1  ,  hence 

cos  8  ■  1  ,  therefore  TL  -  mil 

Equating  these  torques  gives: 

X  ■  48  .  (36) 

In  other  words,  the  linear  acceleration  indicated  by  the  accelerometer  as  a  result  of  impressed 
angular  accelerations  about  the  pendulum  axis  is  proportional  to  the  latter  and  to  the  length  of  the 
pivoted  arm.  For  example,  our  idealized  accelerometer  with  the  point  mass  located  at  1  cm  from  its  axis 
of  suspension  produces  an  output  of  approximately  1  *  I0~3  g  units  when  it  is  subjected  to  an  angular 
acceleration  of  1  rad/*2  parallel  to,  and  about  its  axis  of  suspension.  This  in  itself  is  not  serious 
as  the  error  in  the  measurement  of  linear  acceleration  is  small  for  such  a  large  angular  acceleration  and 
it  is  not  difficult  to  evaluate  errors  expected  in  these  circumstances.  Needles*  to  say  our  idealized 
accelerometer  would  not  respond  at  all  to  angular  accelerations  impressed  about  axes  passing  through  the 
centre  of  the  point  mass. 

However,  it  is  not  always  convenient  or  possible  to  mount  all  the  instruments  close  to  the  aircraft 
CG,  or  near  to  a  apacific  point  in  the  aircraft  about  which  the  particular  measurements  are  desired.  In 
this  case,  if  the  physical  separation  between  the  aircraft  CG  and  the  instrusmnt  is  large  then  these  types 
of  accelerometer  may  show  a  high  level  jf  response  to  angular  accelerations  ispressed  about  the  CG. 

Referring  to  Eq(36),  it  can  be  shown  that  the  equivalent  linear  acceleration  recorded  by  the 
accelerometer  is  proportional  to  the  algebraic  sum  of  the  length  ol  tb*  pivoted-arm  and  the  distance  of  the 
centre  of  the  point  maos  length-wise  along  the  pivoted-arm  from  the  axis  about  which  the  angular 
acceleration  ia  impressed.  Denoting  the  distance  from  the  pendulum  axis  to  the  axis  of  the  ispressed 
angular  acceleration  by  l^  Eq(36)  can  be  restated  in  th*  form: 

X  -  dA  ♦  1)6  .  (37) 

These  are  'worst-case'  or  'best-case',  if  tA  ■  -  l  ,  conditions,  of  course,  in  that  the  pivotsd-arm 
lies  length-wise  on  a  radius  from  the  axis  of  impressed  angular  acceleration  and  that  the  latter  ia 
parallel  to  th*  pendulum  axis.  Obviously,  if  the  pivoted  arm  lies  tangentially  to  a  radius  of  this  axis 
only  centripetal  accelerations  associated  with  the  rotational  accelerations  will  be  measured.  For  instance, 
our  idealised  accelerometer  will  produce  an  output  equivalent  to  3  *I0-2  g  units  if  it  is  subjected  to  an 
angular  acceleration  of  I  rad/s2  when  it  is  located  I  ft  (30  cm)  from  the  CG  under  'worst-case'  conditions. 

In  addition  to  these  facts,  it  is  well  known  that  pivoted-arm  linear  accelerometers  respond  to 
angular  accelerations  about  the  pendulum  centre  of  mass.  This  is  due  to  the  fact  that  a  practical  accelero¬ 
meter  has  distributed  mass,  and  unlike  the  mechanical  model  of  our  idealized  accelerometer,  cannot  be 
represented  by  a  point  mass  without  restriction  when  th*  device  is  subjected  to  accelerated  angular  motion. 
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To  obviate  difficulties  arising  from  these  facts  Corey  ,  presents  general  aethods  of  designing  and 
developing  multi -axis  assemblies  of  separate  single-axis  pendulous  servoed  accelerometers  so  that  each  of 
the  separate  accelerometers  behaves  like  a  simple  point-mass  accelerometer ,  and  so  that  the  locations  of 
all  the  equivalent  point-mass  accelerometers  are  coincident. 

Briefly,  the  technique  is  based  on  the  fact  that  a  pivoted  body  is  insensitive  to  angular 
accelerations  impressed  aboui  an  axis  passing  through  the  centre  of  percussion  of  the  pendulous  mass.  The 
centre  of  percussion  of  a  confound  pendulum  is  that  point  at  a  distance  from  the  centre  of  suspension  equal 

to  the  square  of  the  radius  of  gyration  of  the  pendulum  with  respect  to  the  centre  of  suspension  divided  by 

the  distance  from  the  centre  of  suspension  to  the  centre  of  gravity  of  the  pendulum.  In  other  words,  the 
centre  of  percussion  can  be  considered  as  the  point  where  the  mass  is  concentrated  on  a  compound  pendulum 
to  make  it  behave  as  an  equivalent  si^le  pendulum  whose  length  is  equal  to  the  distance  of  that  point 
from  the  axis  of  suspension.  The  centre  of  percussion  of  a  pendulous  mass  is  located  at  infinity  when  the 
axis  of  the  pendulum  is  et  its  centre  of  sues;  as,  for  instance,  in  the  case  of  en  angular  accelerometer. 

In  the  cate  of  an  idealised  point-mesa  pendulum,  it  can  v,e  shown  thst  the  centre  of  percussion  is 
located  et  the  point  mast.  It  is  thus  possibls  to  design  an  instrument  having  any  desired  relationship 

between  the  position  of  the  axis  of  the  centre  of  percussion  with  that  of  the  pendulous  body. 

ftence,  if  the  axis  of  the  centre  of  percussion  is  strategically  located  so  that  it  coincides  with 
the  aircraft's  CG  position  it  is  clear  that  our  pivoted  arm  acceleromater  ia  now  insanaitive  to  aircraft 
angular  accelerations  about  the  CG.  Obviously  a  cluster  of  three  strapped  down  accelerometers  can  have 
their  equivalent  point-amssea  coincident  and  located  at  a  desirad  point.  However,  in  view  of  the  follow¬ 
ing  confide rations,  it  is  questionable  whether  judicious  placement  of  the  cluster  of  transducers  in  this 
manner  would  entiraly  prevent  corrections  from  having  to  be  made  for  angular  motion  of  an  aircraft. 

Prerequisites  for  the  successful  itq>lamentation  of  this  technique  demand  that  the  CG  of  the  aircraft 
must  not  only  be  known  accurately  in  the  take-off  condition  but  that  it  must  also  be  known  during  flight. 
Now,  although  the  position  of  the  CG  it  relatively  easy  to  define  fore  and  eft  it  is  very  difficult  to 
define  to  a  close  tolerance  vertically  and,  in  addition,  it  moves  forward  or  aft  due  to  consumption  of 
fuel,  movements  of  crew  or  passengers,  release  of  stores,  sod  expenditure  of  aaaainition.  Furthermore, 
aircraft  structuras  at  a  whole  are  elastic  and  hence  the  CG  is  never  a  physical  point  on  tha  aircraft 
structure.  Although  neutral  and  manoeuvre  points,  which  are  related  to  specific  CG  positions,  are  used 
for  datum  purposes  on  certain  flight  teats,  these  relationship*  unfortunately  still  do  not  help  to 
locate  precisely  the  CG  position  at  any  given  time. 

Despite  these  sources  of  error,  it  is  known  that  the  CG  movement  in  flight  of  some  aircraft  ia  of 
the  order  of  5  cm.  Migration  or  uncertainty  of  the  CG  of  this  magnitude  may  therefore  be  small  compared 
to  tho  distance  an  accelerometer  may  have  to  be  mounted  from  the  CG.  Where  CG  movements  in  flight  of  some 
aircraft,  e.g.  supersonic  delta,  are  measured  in  tens  of  cm,  implementation  of  these  procedures  will  be 
restricted. 

In  short,  realization  of  these  procedure*  in  practice  is  achievable  in  certain  instances  and  the 
use  of  such  a  package  of  accelerometer*  with  coincident  effective  centres  of  mass  will  minimize  their 
response  to  angular  accelerations.  Although  all  types  of  strapped-down  linear  accelerometers  require 
the  effects  of  linear  and  angular  acceleration*  to  be  separated  in  their  output  responses,  pivotad-arm 
types  with  their  inherent  propertie*  of  physical  pendulums  are  probably  the  only  types  capable  of  being 
designed  so  that  they  discriminate  to  a  high  degree  against  angular  accelerations. 

7.2  Rectilinear  types 

In  the  rectilinear  type  the  mass  is  suspended  by  ligament*  so  that  it  is  constrained  to  move  only 
along  the  sensitive  axis.  This  method  of  suspension  makes  the  device  practically  immune  to  cross 
acceleration*  at  low  frequencies  and  hence  these  systems  do  not  require  to  have  high  natural  frequencies. 
Conaequently ,  the  effects  of  severe  vibrational  environments  are  considerably  reduced.  However,  extremely 
high  standards  of  engineering  are  required  to  produce  this  type  and,  as  far  as  the  author  knows,  none  are 
commercially  available. 

7.3  Performance  charecteriatics 

Force  feedback  instruments  of  the  pendulous  arm  type  may  be  purchased  commercially  with  guaranteed 
performance  specification*.  Their  precision  is  far  greater  than  that  of  the  open  loop  type  because  they 
operate  at  almost  null  displacement  -”d  the  force-balancing  spring  ia  of  the  electro-magnetic  type 
depending  only  on  the  field  of  a  pur uanent  -magnet  which  can  be  made  very  stable.  Their  accuracies  are  at 
ieaat  two  orders  better,  the  ultimate  limitation  being  probably  set  by  long  term  stability  of  the  magnet. 

Their  outstanding  features  are  uigh  steady  state  accuracy  end  linearity  over  vide  operating  ranges, 
low  sensitivity  to  temperature,  long  term  stability  and  low  cross-axis  sensitivity.  Moreover,  by  employing 
linear  integrated  circuits  and  hybrid  micro- electronics,  force  feedback  accelerometers  can  compete  in  size, 
weight  end  coat  wit!;  open-loop  type*. 

These  performance  characteristic!  minimize  sarioua  error*  previously  unresolved  or  just  simply 
ignored  when  leas  accurate  instruments  were  used.  Although  errors  arising  from  temperature  changes, 
bias  discrepancy,  drift  of  pick-off  null  point  etc.,  mmy  be  significant  in  certain  circumstances,  they  are 
generally  not  present  to  a  first  order  in  high  precision  unit*  and  furthermore  standard  teats  can  usually 
be  used  to  assess  end  introduce,  if  necessary,  any  corrections  to  th*  measurements. 
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8  ANGOLA*  ACC8MB0M8TE8S 

8.1  The  MMurwat  of  angular  acceleration  of  aircraft 

Angular  acceleration  ia  one  of  the  noat  difficult  paramteers  to  aeaaure  in  aircraft  flight  teat  work, 
the  reaeon  for  thia  a tone  f roe  the  fact  that  tha  magnitude a  of  angular  acceleration  normally  encountered 
on  aircraft  are  exceedingly  small.  Thia  ia  not  aurprieing  whan  it  ia  coneidered  that,  in  general,  aircraft 
are  not  deaigned  to  execute  high  angular  acceleration  either  fron  the  point  of  view  of  available  control 
power  or  fron  reaaona  of  aafety. 

Measuring  range*  of  representative  angular  accelerationa  are  within  ±0.2  rad/s2  for  large  aircraft 
and  for  figbtera  fron  ±0.5  rad/s2  to  ±5  rad/a2.  The  latter  range  ia  uaually  required  for  aerobatica  and 
•pinning  triala  and  if  theae  two  'violent  aanoeuvre'  caaea  are  onitted  the  aeaaureaent  of  repreaentative 
angular  accelerationa  could  be  performed  in  many  flight  teata  by  instruments  having  a  range  in  the  region 
of  ±1  rad /a*. 

8.2  Design  characteristics 

To  illustrate  the  difficulties  confronting  the  design  engineer  consider  a  pendulous  accelerometer 
of  point  mass  m  and  length  £  .  Angular  acceleration  around  the  pivot  axis  causes  a  torque  due  to  the 
aomant  of  inertia  of  the  mass, "while  the  restoring  spring  k  permits  a  small  motion  which  ia  measured  for 
the  instrument  output.  In  other  words,  the  instrument  obeys  Newton's  first  lew  for  rotetionel  motion, 
via.  T  ■  IB  ,  where  T  ia  the  torque  or  moment,  end  0.  is  the  angular  ecceleretion. 

Although  this  instrument  is  somewhat  impractical  because  it  also  responds  to  linear  accelerations, 
it  ia  useful  in  exploring  fundamental  principles.  Now  the  torque  due  to  an  impressed  angular  acceleration 
is  balanced  by  the  spring  restraint  end  is  defined  thus: 

he  -  mi2g  .  (38) 


If  8]  is  the  angular  deflection  of  the  pendulous  mass  system  for  unit  angular  acceleration 
(1  rad/a2)~Chen 
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The  undaapad  natural  frequency  of  the  system  is 


£"  ‘ 


and  substituting  the  value  of  k  into  Eq(40)  yields: 


f  -  ±{I 

n  2  it^e, 


Now  the  undamped  natural  frequency  fn  is  important  to  the  flight  teat  engineer  because  it 
determines  to  a  large  extent  the  frequencyTange  of  interest  the  instrument  can  covar  and  it  alao  deter¬ 
mines  the  manner  in  which  the  instrument  eliminates  high  frequency  invented  components  in  the  input.  For 
these  reasons  and  to  enable  the  instrument  to  cater  for  representative  dynamic  studies  on  aircraft  a 
natural  frequency  in  the  region  of  10  Hz  is  normally  desired. 
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From  Eq(41)  it  is  seen  that  if  fn  -  10  and  with  a  full  scale  input  of  1  rad/s  the  angular  deflec¬ 
tion  of  the  system  ia  approximately  2.5  *  10"^  rad,  i.e.  less  than  1'  of  arc.  Even  for  a  length 
t  "  3  inches,  making  the  instrument  at  least  6  inches  in  length  for  a  conventional  accelerometer  whose 
mass  is  a  right  circular  cylinder,  the  linear  movement  for  I  rad/s2  input  is  leas  than  one  thousandth  of 
an  inch.  Clearly,  the  measurement  of  such  small  working  displacements  in  the  presence  of  uncertainties 
due  to  frictional  torques  and  mass  unbalance  and  dimensional  changes  due  to  tesq>erature,  precludes  the 
possibility  of  designing  an  instrument  to  give  accuracies  in  the  region  of  1Z. 

8.3  Proprietary  instruments 

To  overcome  some  of  these  problems  resort  can  be  made  to  artifices  such  ss: 

(a)  floated  units  employing  paddles 

(b)  the  mwesuremsnt  of  the  pressure  generated  within  a  fluid-filled  column,  and 

(c)  utilisation  of  the  properties  of  a  rate  gyroscope. 


0ns  angular  accelerometer  which  has  been  successfully  used  in  flight  test  work  for  several  years  is 
constructed  with  a  fluid  in  a  circular  channel  serving  as  the  accelerometer  mass  and  a  pivoted  paddle 
immersed  in  the  fluid.  Inertial  forces  set  up  in  the  fluid  by  acceleration  torques  react  on  the  paddle. 

The  latter  is  attached  to  the  housing  by  unbonded  strain  gauges  which,  in  addition  to  measuring  the 
magnitudes  of  applied  torques,  also  provide  the  restraining  torques  on  the  inertial  system.  Because 
frictional  torques  and  unbalance  problems  are  virtually  eliminated  in  this  type  of  transducer,  resolution 
is  limited  only  by  the  noise  level  of  the  pick-off  end  associated  circuitry.  Several  ranges  sre  manufactured 
and  the  one  of  greatest  interest  to  flight  test  engineers  it  the  smallest,  via.  ±1.5  rad/s2.  Despite  the 
fact  that  its  frequency  is  on  the  low  side,  approximately  4  Hz,  with  a  damping  factor  of  0.7  this  instrument 
is  still  capable  of  performing  many  useful  measurements. 
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The  uae  of  fluids  as  inertial  Basses  is  also  being  currently  exploited  in  transducers  eaploying 
electrostatic  feedback  principles.  The  transducer  consists  of  a  circular  coluan  of  fluid  or  a  helical 
column  of  dense  gas  in  which  an  electrostatic  pressure  aotor  is  located.  This  force  balance  device 
aeasures  the  inertial  torques  of  the  fluid  or  gas  produced  by  acceleration  torques  on  the  instrument  by 
relating  the  output  voltage  to  the  applied  torque  or  pressure.  Kef . 14  describes  an  instrunent  of  this 
type  for  measuring  physical  parameters  such  as  angulsr  acceleration.  An  angular  acceleration  transducer 
employing  this  principle  is  potentislly  capable  of  providing  a  ouch  higher  degree  of  precision  than  other 
types. 

8.4  The  use  of  rate  gyroscopes  for  angular  acceleration  measurements 

One  of  the  simplest  methods  for  measuring  angular  acceleration  consists  of  using  s  rate  gyroscope 
and  differentiating  either  by  use  of  a  coil  attached  to  the  instrument  and  moving  in  a  magnetic  field  or 
by  operating  on  the  electrical  output  signal.  Kate  gyroscopes  rely  on  angular  momentum  as  opposed  to 
inertia  for  measurement  purposes  and  if  the  rotor  has  a  reasonably  large  nomint  of  inertia  and  a  high 
spin  rate  angular  velocities  as  low  as  I '  of  arc  s~ 1  can  be  detected. 

The  process  of  differentiation  can  be  carried  out  either  by  inducing  a  voltage  proportional  to  the 
first  derivative  of  the  angular  velocity,  as  obtained  from  the  induction  coil,  or  by  eaploying  an 
operational  amplifier  with  feedback  to  perform  the  mathematical  operation  on  the  electrical  output. 

However,  as  will  be  shown,  both  these  techniques  have  the  same  troublesome  property. 

For  simplicity,  consider  a  signal  expressed  in  terms  of  sine  waves  of  various  frequencies.  Any 
complex  wave  which  represents  the  variation  of  a  real  physical  quantity  may  be  expressed  as  a  constant 
term  and  the  sum  of  a  series  of  sine  waves.  Considering  one  component  only  of  the  sine  waves  this  can  be 
expressed  as  a  voltage. 

V.  -  V  sin  wt  . 

i 

Differentiation  is  achieved  when  the  output  is  expressed  as  Via  cos  ut.  This  shows  that  the  gain  is 
proportional  to  frequency  and  results  in  the  amplification  of  unwanted  high  frequency  signals.  Hence, 
considerable  caution  must  be  exercised  before  use  is  made  of  these  techniques  if  the  vibrational 
environment  is  severe.  An  edvantege  of  these  methods  is  that  both  angular  acceleration  and  velocity  can 
be  obtained  from  one  transducer. 

Another  method  for  measuring  angular  acceleration  and  utilising  a  rate  gyroecope  consists  of 
supporting  the  rotor  in  two  gimbals  instead  of  one.  Referring  to  Fig.  10  it  is  seer  that  in  addition  to  a 
single-axis  rate  gyroscope  there  is  a  second  gimbal  with  elastic  coupling  about  the  input  axis  Y-Y.  During 
constant  angular  velocity  of  rotation  around  axis  Y-Y,  the  inner  gimbal  reects  in  exactly  the  same  way  as  a 
rate  gyroscope,  i.e.  rotates  around  axis  X-X.  Under  this  condition  the  spring  of  the  r.-iter  gimbal  is  not 
deformed,  since  the  moment  of  the  spring  on  the  inner  gimbal  creates  a  rate  of  precession  of  the  gyroscope 
equal  to  the  impressed  angular  velocity,  and  hence  moments  acting  radially  throughout  the  inner  gimbal 
bearing  rsre  zero.  If  the  inner  gimbal  is  now  given  an  angular  velocity  as  a  result  of  an  applied  rate  of 
change  of  angular  velocity,  i.e.  angular  acceleration,  reactions  on  the  inner  gimbal  bearings  will  cause 
moments  about  the  input  axis  Y-Y,  turning  the  outer  gimbal  with  respect  to  the  instrument  case  until  the 
torque  is  balanced  by  spring  k2-  if  8  constant  angular  acceleration  is  applied  to  the  instrument 
through  the  axis  Y-Y  the  outer  gimbal  will  lag  behind  until  the  spring  k2  is  stretched  to  the  point  that 
it  exerts  on  this  gimbal  the  torque  just  required  to  give  it  the  same  angular  acceleration  as  the  case. 
Consequently,  the  outer  gimbal  will  then  be  stationary  with  respect  to  the  case  and  its  displacement,  in 
the  opposite  direction  to  that  of  the  applied  angular  acceleration  which  produced  it,  can  be  read  as  an 
indication  of  the  actual  angular  acceleration.  Again,  as  in  the  former  t  'ample,  both  angular  velocity  and 
angular  acceleration  are  measured  on  one  unit. 

8.5  Force  feedback  angular  accelerometers 

Perhaps  the  closed  loop  type  of  angular  accelerometer  offers  the  best  possibilities  for  determining 
angular  accelerations.  The  use  of  these  types  of  instruments  means  that  problems  of  non-linear  springs, 
mechanical  hysteresis,  temperature  coefficient  of  modulus  of  elasticity,  and  spring  deflection  due  to 
temperature  are  non-existent.  Furthermore,  they  are  well  suited  to  the  measurement  of  angular  accelera¬ 
tion  because  they  operate  by  direct  measurement  in  contrast  to  open  loop  transducers  which  rely  on 
indirect  measurement  in  that  the  force  or  torque  is  deduced  from  the  measurement  of  the  elastic  deformation 
of  one  of  the  force-bearing  members.  This  direct  measurement  feature  overcomes  many  of  the  aforementioned 
difficulties. 

The  operating  principles  of  force-feedback  angular  accelerometers  are  similar  to  those  of  linear 
servo  accelerometers.  Under  the  action  of  angular  acceleration,  a  torque  is  generated  on  the  rotor 
system  which  tends  to  develop  an  angular  displacement.  As  motion  takes  place  the  position  error  detector 
and  servo  amplifier  generate  a  large  feedback  signal  which  is  returned  as  current  to  an  electrical  torque 
generator.  This  continues  until  equilibrium  is  produced  between  the  two  torques.  The  final  result  is  a 
current,  or  the  voltage  it  develops  across  a  resistor,  proportional  to  the  angular  acceleration, 
accompanied  by  a  minute  displacement  of  the  rotatable  balanced  mass. 

The  governing  equations  of  typical  force-feedback  systems  can  be  derived  from  Newton's  law  of 
angular  motion  which  can  be  written 
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I  -  -  ke  (42) 

dt 

where  I  -  moment  of  inertia 

d^9/dt^  »  angular  acceleration 
k  -  spring  constant 
8  ■  angular  displacement. 
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Thus  the  equation  of  motion  of  an  idealized  tyitii  is: 

ie  +  be  ♦  ke  -  f(t)  .  (43) 

This  squstion  of  notion  rsprsssnts  a  convsntional  ascond  ordar  system  whose  steady-state  and  dynamic 
behaviour  correspond  to  the  solutions  obtained  for  the  simple  mass-spring  syj ten. 

Proprietary  transducers  are  obtainable  with  ranges  in  the  region  of  ±1  rad/s^  and  accuraciea  better 
than  0.1Z  PSD.  Although  the  natural  frequencies  associated  with  these  particular  ranges  are  tone  what  high, 
e.g.  30  to  40  Hz ,  implying  poor  noise  rejection,  some  manufacturer!  provide  units  with  lower  frequencies  if 
meaauremsnts  are  to  be  made  in  severe  vibrational  environments .  Proa  past  experience,  and  from  a  thorough 
investigation  of  previous  work  in  this  field,  the  stlsmic  system  should  be  a  right  circular  cylinder  with 
the  input  axis  along  the  centre  line  of  the  cylinder.  This  method  of  syaaetrical  construction  enabl.s  the 
instrument  to  reject  unwanted  interfering  inputs  such  as  angular  velocities. 

9  STEADY  STATE  CALIBRATION  TESTS 

9.1  Linear  accelerometer  tests 

Calibrations  of  linear  accelerometers  are  normally  expressed  in  g  units,  1  g  being  the  acceleration 
in  terms  of  the  local  terrestrial  gravity.  Threa  methods  are  commonly  used  for  calibrating  accelerometers. 
These  are  the  tilting  test,  the  added  weight  test,  and  the  centrifuge  test. 

9.1.1  Tilting  tests 

One  of  the  most  convenient  ways  to  calibrate  an  accelerometer  is  by  the  tilting  test.  The  instrument 
is  rotated  about  a  horizontal  axis  at  various  angles  relative  to  the  local  gravity  vector.  This  method 
is  suitable  for  low  range  instruments  as  they  can  be  inclined  through  +1  g,  zero  and  -1  g  positions  to 
obtain  any  fractional  increment  in  this  range. 

However,  there  are  two  important  sources  of  error.  First,  the  sensitive  axis  may  not  be  parallel 
or  perpendicular  to  some  reference  face  of  the  instrument  because  of  manufacturing  tolerances.  In 

instances  small  miselignments  of  the  order  of  30'  of  arc  may  introduce  errors  of  the  order  of 
1  *  10-2  g  units  at  a  scale  reading  of  zero  g.  By  conducting  a  few  preliminary  tests  it  is  possible  to 
determine  the  total  axis  error.  Suffice  it  to  say  that  any  misalignments  between  the  measuring  system 
end  the  appropriate  mounting  faces  should  be  carefully  noted  to  avoid  faulty  positioning  of  the  installed 
instrument  in  the  aircraft. 

The  other  important  general  factor  is  the  problem  of  ensuring  that  cross-coupling  errors  are 
correctly  accounted  for,  particularly  on  an  accelerometer  which  relies  on  the  displacement  of  a  mass. 
Cross-coupling  is  a  change  in  output  due  to  a  component  of  acceleration  perpendicular  to  the  Masuring 
axis.  A  fundamental  feature  of  the  tilting  test  is  that  for  every  position  except  alignment  of  the 
sensitive  axis  with  the  local  gravity  vector,  i.e.  ±1  g,  cross  acceleration  is  present.  The  effect  of 
this  interfering  variable  is  illustrated  by  a  damped  mass-spring  system  mounted  on  a  tilting  table  as 
shown  diagramzatically  in  Fig. 11.  It  is  clearly  seen  that  the  mass  swings  in  a  small  arc  whan  the  system 
is  subjected  to  acceleration  forces.  It  can  be  shown  that  the  output  is  of  the  form  g  sin  (6  ±  a)  ,  to  a 
high  degree  of  approximation,  where  the  sign  of  a  is  dependent  on  the  direction  of  the  cross  component 
along  the  arm,  and  its  magnitude  is  equal  to  ♦  a In  9  ,  £  being  the  full  scale  movement  of  the  mass  in 
degrees.  The  calibration  curve  resulting  from  tilting  an  accelerometer  through  360°  is  shown  in  Fig. 11. 

As  the  design  of  many  open  loop  instruments  is  a  compromise  between  a  system  having  large 
displacements  per  g  to  minimise  dimensional  and  hysteresis  effects  for  ease  and  stability  of  measurement, 
and  onehaving  small  displacements  par  g  to  minimise  cross-effects,  it  is  inevitable  that  the  mechanical 
deflection  of  the  instrument's  mass  has  well  defined  limits.  In  some  practical  arrangements  this  has 
resulted  in  the  term  o_  being  highly  significant  and,  in  one  particular  instance,  produced  an  error  of 
the  order  of  5  *  10“2  g  at  0.5  g. 

If  the  aforementioned  test  had  been  carried  out  with  the  instrument  positioned  so  that  the  two  non¬ 
measuring  axes  were  interchanged,  cross-effects  would  have  been  considerably  reduced.  However,  even  with 
this  configuration,  cross-axis  sensitivity  may  be  important  if  the  accelerometer  is  operating  in  the 
presence  of  cross-accelerations  of  the  order  of  2  or  3  times  the  rated  rmige.  From  these  considerations 
it  is  seen  that  accurate  calibration  ia  required  to  ensure  that  test  results  are  traceable  to  known 
standards  of  measurement. 

High  quality  test  equipment  is  needed  as,  in  some  instances,  the  measurement  of  angles  to  seconds 
of  arc  may  be  required  for  the  tilting  test.  For  these  measuresmnts  methods  employing  goniometers  or 
dividing  heads  and  optical  systems  using  digital  readout  systems  have  to  be  used  to  determine  the 
angular  position  of  the  tilting  cable. 

9.1.2  Added  weight  test 

Another  method  of  calibration,  which  can  be  used  in  a  few  cases  only,  consists  of  adding  weights 
to  the  seismic  mass  to  produce  a  deflection  equivalent  to  that  normally  caused  by  acceleration  forces. 

For  this  purpose,  attachment  points  are  located  on  the  seismic  element  so  that  specially  designed  weights 
of  non-magnetic  material  can  be  added  to  the  mast  to  simulate  precise  velues  of  g  units.  Practical 
accelerometers  have  distributed  masses  and  the  positioning  of  the  attachment  points  must  be  correctly 
selected  if  improper  loading  of  the  springs  or  link  sasembly  is  co  be  avoided. 

On  the  other  hand,  the  sensing  element  must  not  be  exposed  to  a  concentrated  rather  than  a 
distributed  loed.  If  these  loading  conditions  have  been  assessed  and  taken  care  of  by  the  instrument 
manufacturer  it  it  considered  that  the  added  weight  test  provides  acceptable  accuracy  for  initial 
calibration  purposes.  Such  tests  are  also  of  great  value  for  calibration  checks  in  the  field. 
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9.1.3  Centrifuge  cast 

Steady  stats  accelerations  higher  than  I  g  can  ba  obtained  by  the  use  of  a  rotating  ani  or  centrifuge. 
Predetermined  increments  of  staady  centrifugal  forces  can  be  imposed  on  tba  accelerometer  by  varying  either 
the  speed  or  the  radius  of  rotation. 


The  indicated  acceleration  on  the  instrument  may  be  checked  by  tbe  following  formula: 


where  a  “  acce1 e rat ion  in  g  units 

r  *  radius  of  the  rotating  arm  in  feet,  corrected  for  mass  position 
n  «  revolutions  par  second  of  the  rotating  arm 
g  “  local  value  of  the  earth's  gravitational  acceleration. 


(44) 


Since  the  test  is  performed  in  the  earth's  gravitational  field,  judicious  placement  of  the  instrument  is 
necessary  to  reduce  cross-coupling  effects  to  the  minimum.  Cos^arison  between  the  values  obtained  from 
tilting  tests  over  *1  g  is  a  guide  to  the  quality  of  tests  done  on  the  whirling  arm. 


Points  worthy  of  special  attention  to  achieve  the  necessary  accuracy  are  as  follows: 


(a)  since  the  acceleration  is  proportional  to  the  square  of  the  angular  velocity,  speed  measure¬ 
ment  and  regulation  must  be  adequate  to  provide  the  required  accuracy. 


(b)  the  radius  of  rotation  should  be  large  enough  so  that  little  or  no  correction  is  required 
for  any  changes  that  may  occur  in  mass  position  due  to  the  igpressed  acceleration. 


(c)  the  axis  of  the  rotating  arm  should  be  truly  vertical  so  that  a  cyclic  component  of  the  earth's 
gravitational  acceleration  is  not  superimposed  on  the  steady  state  acceleration  generated  by  the 
rotating  arm, 

(d)  vibrational  noise  must  be  within  acceptable  limits. 

When  it  is  desired  to  calibrate  accelerometers  up  to  10  g  with  absolute  accuracies  better  than  1  part 
in  10~3,  then  a  very  precise  and  sophisticated  whirling  arm  is  required.  These  are  usually  so  expensive 
to  construct  that  they  exist  only  in  the  principal  centres  for  the  evaluation  of  inertial  guidance 
components.  An  example  is  the  Kritish  Aircraft  Corporation  centrifuge  at  Stevenage,  England,  which  is 
stated  to  calibrate  accelerometers  up  to  accelerations  of  12  g  with  an  absolute  accuracy  ■>  acceleration 
measurements  of  1  part  in  10s. 


9.2  Angular  accelerometer  tests 

2  2 

Calibrations  of  angular  accelerometers  are  normally  expressed  in  rad/s  ,  1  rad/s  being  normally 
taken  as  unit  angular  acceleration.  It  ia  difficult  to  devise  experimental  techniques  for  the  production 
of  precise  values  of  steady  state  angular  accelerations.  Two  methods  can  be  used  to  calibrate  an 
instrument  -  static  and  dynamic.  The  static  method  is  accomplished  by  positioning  weights  at  accurately 
known  radii  of  gyration  and  observing  the  output  when  the  weight  exerts  a  purely  vertical  force  on  the 
measuring  device.  As,  however,  dynamic  tests  were  probably  necessary  in  the  first  instance  to  define  the 
moment  of  inertia  of  the  rotor  it  is  debatable  whether  this  type  of  test  is  capable  of  providing  the 
desired  accuracy.  In  dynamic  testing  the  instrument  is  subjected  to  sinusoidal  angular  accelerations. 

9.2.1  Added  weight  test 

Obviously,  the  added  weight  test  can  only  be  accomplished  when  access  can  be  gained  to  tbe  rotor. 

For  this  type  of  teat  it  is  usually  necessary  at  some  stage  to  define  the  moment  of  inertia  of  the  moving 
system.  The  moment  of  inertia  depends  on  the  distribution  of  mass  elements  and  it  is  a  difficult  concept 
to  define.  If  the  rotor  is  a  regularly  shaped  homogeneous  specimen  with  accurately  known  dimensions  use 
can  be  made  of  standard  moment  of  inertia  formulae.  For  rotors  of  irregular  shape  and  non-uniform  density 
this  method  would  be  time-consuming  and  not  entirely  adequate  and  hence  resort  would  have  to  be  made  to 
dynamic  methods.  There  are  several  types  of  dynamic  methods  for  measuring  moment  of  inertia;  compound 
pendulum,  bi-filar  pendulum  and  torsional  systems.  The  dynamic  method  consists  of  oscillating  the  undamped 
moving  part  of  the  instrument  and  measuring  its  period  of  oscillation.  This,  together  with  the  spring 
force  constant,  determines  the  moment  of  inertia  of  tha  specimen. 

Since  it  is  difficult  to  eliminate  damping  or  friction  forces  entirely  and  as  the  measurement 
accuracy  depends  on  the  accuracy  of  defining  or  measuring  the  deformation  of  an  elastic  force-bearing 
mesfcer  it  goes  without  saying  that  these  measurements  of  the  moment  of  inertia  rarely  approach  the  desired 
limits  of  accuracy.  These  considerations,  coupled  with  the  fact  that  the  calibrating  weights  must  be  made 
to  precise  measurements  and  weights  and,  in  addition,  positioned  on  the  rotor  at  an  accurate  radius  of 
gyration,  do  not  present  the  best  possibilities  for  the  basis  of  accurate  calibrations  of  angular 
accelerometers. 


9.2.2  Oscillatory  tests 

For  this  type  of  test  electro-mechanical  exciters  or  oscillatory  tables,  employing  such  methods  as 
cross-heads  or  cams,  fail  to  produce  sinusoidal  outputs  at  the  large  amplitude,  in  the  region  of  130°,  and 
low  frequencies  of  the  order  of  0.5  Hz,  needed  to  calibrate  the  low  range  accelerometers  required  for 
flight  test  work.  One  of  the  solutions  to  this  problem  is  to  employ  a  device  similar  in  principle  to  an 
angular  accelerometer  but  having  little  or  no  dasping.  The  system  is  essentially  a  compound  pendulum  or  a 
gravity  controlled  inertia  device  which,  when  released  from  an  initial  angular  displacement,  executes 
free  oscillations. 
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Befova  aounting  th*  instrument  on  tha  test  rig  platform  it  ia  iterative  to  evaluate  tha  effects  of 
uamaatad  inputa  auch  aa  linaar  accalarationa  and  angular  valocitiea  along  and  about  all  axaa . 

Angular  poaition  and  angular  volocity  pick-offa  ara  fitted  to  the  taat  rig  and  their  outputa 
together  with  that  of  the  instrument  ara  recorded  over  aeveral  cyclea  on  a  multi-channel  oacillograph 
recorder.  This  procedure  ia  repeated  with  auitable  initial  deflectiona  of  the  penduloua  device  ao  that 
range,  calibration  factor,  and  linearity  may  be  inspected.  Tha  peak  applied  angular  acceleration  ia 
obtained  from  tha  product  of  the  initial  angular  diaplacamant  and  the  square  of  the  frequency.  The 
required  accurate  knowledge  of  time  or  frequency  ia  obtained  by  recording  the  output  of  a  master-tuning 
fork  or  a  crystal-controlled  clock. 

Two  factors  which  can  contribute  errors  to  the  teat  results  are  the  transient  input  (complementary 
function)  and  the  amount  of  damping  present  in  the  teat  rig. 

Assuming  that  the  instrument  constitutes  a  second  order  system,  aa  many  of  them  are,  and  that  it  ia 
being  subjected  to  sinusoidal  angular  accelerations  than  the  conditions  existing  at  the  moment  of  release 
of  the  deflected  oscillating  beam  are  shown  in  Fig. 12,  where  it  ia  seen  that  the  applied  angular  accelera¬ 
tion  ia  at  a  maximum.  At  this  time,  i.e.  t  •  0  ,  the  steady  state  output  of  the  instrument  should  have 
a  value  corresponding  to  point  A  ,  lagging  the  input  by  angle  a_  ,  because  of  the  damping  force.  This 
resisting  force  coupled  with  the~inertia  of  the  system  results  in  the  instrument  needing  time  to  catch 
up  before  it  con  swing  into  regular  phase  ralationrhip  with  the  applied  angular  acceleration.  If  the 
dynamics  of  the  instrument  and  test  rig  are  linear  and  the  impressed  frequency  is  much  less  than  the 
instrument's  natural  frequency  and  c  <  1  it  can  be  shown  that  the  output  is  of  the  form: 

cos  (u^t  -  a)  -  °  e  n  sin  ^t/ 1  -  +  4^  (45) 

where  4  «  damping  factor  relative  to  critical 

<i>i  «  impressed  frequency  (red/s) 
u„  *•  undamped  natural  frequency  (rad/s) 

.  -1  2CN 

a  *  tan  — 


^  -1/1 
4  "  tan  / 

N  »  w. /u  . 
i  n 


(K  ■  u3/K +  4) 


The  first  term  of  the  above  expression  represents  the  output  of  the  instrument  under  steady 
conditions  (i.e.  some  time  after  the  release  of  the  beam).  The  second  term  represents  a  transient  which 
disappears  comparatively  rapidly,  but  which  exists  for  a  short  time  after  the  initial  deflection.  If  it 
were  possible  to  initiate  deflection  of  the  test  rig  ao  that  the  input  had  a  value  cos  g  at  the  instant 
the  instrument  was  subjected  to  the  impressed  angular  acceleration  there  would  be  little  or  no  transient. 

The  instrument  would  be  in  its  correct  (i.e.  its  final)  phase  relationship  with  the  test  rig.  In  all 
other  cases,  however,  the  transient  term  will  not  be  zero. 

From  the  above  expression  it  was  found  that  a  linear  second-order  system,  with  C  *  0.6  achieves 
a  correspondence  to  within  a  tolerance  of  2Z  in  modulus  in  approximately  2ir /uijj  seconds.  In  other  words, 
with  this  damping  the  error  becomes  negligible  at  the  beginning  of  the  first  recorded  negative  half-wave 
if  the  natural  frequency  of  the  instrument  is  ten  times  higher  than  the  impressed  frequency. 

Fig.  12  shows  schematically  the  response  of  an  angular  accelerometer  when  the  impressed  frequency  is 
half  of  the  natural  frequency  of  the  accelerometer  which  has  a  damping  factor  C  «  0.6  . 

So  far  it  has  been  assumed  that  the  oscillating  beam  executes  simple  harmonic  motion.  Since 
frictional  forces  are  always  present  the  free  vibrations  decay  and  the  mechanical  motion  takes  the  form  of 
a  damped  sinusoid.  It  has  been  found  from  experience  that  if  the  bearings  on  the  test  rij  are  of  first 
class  quality  and  suitably  lubricated  and  if  the  beam  is  of  large  inertia  compared  to  that  of  the  instrument 
the  damping  forces  present  are  predominantly  of  the  viscous  rather  than  the  coulonb  friction  type.  Thus 
the  damping  force  is  approximately  proportional  to  velocity  and  of  the  form  -  b9  . 

In  many  practical  test  set-ups  the  value  of  £  of  the  test  rig  it  of  the  order  of  0.01  or  less.  It 
can  be  shown  that  if  C  is  <  I  ,  a  convenient  rule-  of  thumb  method  to  correct  the  calculated  angular 
acceleration  input  derived  from  the  initial  displacement  nnd  the  recorded  frequency  consists  of  sailtiplying 

it  by  the  factor  (1  -  .  with  danping  factors  of  the  order  quoted  the  errors  are  insignificant. 

For  frequency  response  characteristics  it  should  also  be  noted  that  the  phase  shift  of  the  output  should  be 
retarded  by  2j_  radians. 

Hovevir,  in  circumstances  where  both  the  transient  input  and  datqping  factor  appreciably  affect  the 
results  a  practical  and  accurate  method  has  been  evolved  to  give  final  corrected  results.  The  method  is 
based  on  the  fact  that  the  wave-forms,  after  the  transient  hss  died  out,  are  exponentially  attenuated  sine 
waves.  A  rough  estimate  is  made  of  the  time  when  the  transient  ceases  to  be  of  consequence  and  subsequent 
peak  values  are  then  plotted  as  ordinates  and  cycles  as  abscissae  on  log-normal  graph  paper.  The  resultant 
graph  should  be  a  straight  line  and  from  extrapolation  of  this  line  the  true  first  peak  value  can  be 
determined  as  if  no  transient  existed.  Alternatively,  a  plastic  curve,  having  an  exponentially  shaped 
edge,  can  be  superimposed  on  the  recorded  traces  to  achieve  the  same  purpose. 

10  DYNAMIC  CALIBRATION 


During  flight  testing  it  is  frequently  necessary  to  measure  the  oscillatory  behaviour  of  an  aircraft. 
The  oscillations  may  be  pilot  induced,  or  may  result  from  flying  throu^i  turbulent  air. 
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In  order  to  measure  these  oscillations  successfully  and  accurately,  instrumentation  systems  based  on 
sound  dynamics  in  the  characteristics  and  relations  of  the  transducer,  intermediate  circuitry,  and  recording 
medium  are  required.  Such  systems  must  have  predictable  transfer  functions  under  various  input  amplitudes 
and  fraquencies  and  environmental  conditions  of  vibration,  temperature  and  pressure. 

It  has  been  shown  that  linear  second-order  systems  can  be  completely  characterized  by  two  fundamental 
parameters;  the  undamped  natural  frequency  and  the  damping  factor  relative  to  critical. 

From  dynamic  considerations  alone,  paying  no  attention  to  other  requirements,  two  methods  are  favoured 
for  selecting  a  transducer  on  the  basis  of  its  natural  frequency  and  damping  factor.  The  first  requires  a 
damping  factor  which  endeavours  to  combine  the  widest  bandwidth,  consistsnt  with  an  error  not  greater  than 
say  tZ  in  the  modulus,  with  a  phase  shift  increasing  linearly  with  frequency  so  as  to  avoid  destroying  the 
time  relationship  existing  between  the  fundamental  and  its  harmonics.  Thus,  a  complex  waveform,  consist¬ 
ing  of  the  summation  of  many  frequencies  within  the  transmission  range  of  the  instrument,  can  be  recorded 
without  significant  diatortion.  To  meet  the  condition  of  the  modulus  requires  a  damping  factor  of  0.64 
critical  and  the  phase  shift  case  requires  0.75  critical.  However,  as  a  damping  factor  of  0.7  introduces 
very  little  distortion  of  the  harmonics  in  a  complex  waveform  this  value  is  usually  chosen.  The  natural 
frequancy  is  usually  selected  on  the  basis  that  it  is  in  the  region  of  ten  or  twenty  times  higher  than 
the  highest  frequency  signal  of  interest  and  if  aliasing  is  known  to  be  negligible  and  the  vibration 
environment  is  not  too  severe. 

The  second  specifies  a  natural  frequency  many  times  higher  than  any  signal  to  be  recorded  and  a 
damping  factor  of  sufficient  value  to  prevent  mechanical  damage  and  saturation  being  inflicted  on  the 
transducer  due  to  resonance  or  shock.  An  electrical  low  pass  filter  can  now  be  inserted  between  the 
instrument  and  the  recording  medium  to  dominate  the  system's  dynamic  performance.  Tailoring  the  transfer 
functions  in  this  manner  so  that  the  outputs  of  all  the  quantities  being  measured  have  practically  the 
same  dynamic  characteristics  is  useful  in  flight  tests,  particularly  where  cross-spectra  are  to  be 
computed.  As  will  be  shown  later,  this  method  can  only  be  used  when  the  vibrational  noise  is  at  a  low 

level,  or,  the  accelerometer  has  a  much  larger  range  than  the  quantities  being  investigated. 

The  single-degree-of-freedom  mass-spring  system  discussed  in  section  2  is  idealized  by  the  mechanical 
model  shown  in  Fig. 1.  For  the  ideal  transducer  the  spring  force  and  the  viscous  resistance  are  linear, 
i.e.  the  spring  force  is  directly  proportional  to  the  change  in  length  and  the  viscous  resistance  is 
directly  proportiotial  to  the  velocity.  Even  though  it  may  be  possible  to  describe  the  characteristics 
of  a  real  transducer  by  a  simple  mechanical  model  and  the  associated  differential  equation,  the  spring 
constants  and  damping  coefficients  still  must  be  determined  experimentally.  In  other  words,  even  if  the 
performance  characteristics  are  available  in  published  form  or  set  forth  in  a  theoretical  analysis  it  is 
imperative  to  ensure  that  the  assumed  conditions  really  apply.  In  this  field  of  work  there  is  no  substitute 
for  teat  data. 

The  actual  characteristics  of  any  system  can  only  be  determined  in  the  laboratory  by  dynamic  tests. 

The  type  of  test  commonly  used  for  this  purpose  is  the  analysis  of  the  response  of  the  system  to  a  sinu¬ 

soidal  input  at  differing  frequencies. 

10.1  Sinusoidal  forcing  functions 

The  mein  advantages  of  this  method  are: 

(a)  The  sinusoid  is  the  only  periodic  waveform  in  which  the  amplitudal  of  the  consonants  of  all 

frequencies  except  the  fundamental  are  zero.  Naturally,,  a  sine  wave  haa  only  one  bar  in  its  spectrum. 

This  feature  eliminate!  the  frequency  distortion  which  could  arise  from  an  excitation  consisting  of  a 
number  of  sinueoidal  variations  at  different  frequencies.  This  distortion  of  the  composite  output  signal 

arises  when  the  characteriatics  of  the  instrument  are  such  that  each  component  is  displaced  along  the 

time  axis  by  a  different  amount.  Some  flight  testing  techniques,  of  course,  may  require  teste  to  obtain 

a  knowledge  of  the  dynamic  response  properties  of  the  instrument  when  subjected  to  excitation  with  complex 
waveforms. 

(b)  The  system's  response  to  sinusoidal  excitation  yields  information  on  the  effects  of  coulomb 
friction,  backlash,  and  damping  that  is  not  proportional  to  velocity  if  these  features  are  present  in  the 
system. 

(c)  A  basic  property  of  the  sinusoid  is  that  any  derivative  with  respect  to  time  is  the  shape  of  a 
sine  wave.  Clearly,  this  is  a  distinct  advantage  as  the  test  measurements  include  eeplitudes  and  their 
time  derivatives.  If  the  parameters  of  the  system  are  linear  then  sinusoidal  inputs  will  always  produce 
sine  wave  types  of  output. 

(d)  It  allows  a  precise  comparison  between  the  response  at  very  low  frequencies  and  the.  steady 
state  response,  thus  providing  a  criterion  of  the  reliability  of  the  dynamic  test  data. 

(e)  It  can  test  the  system  for  multiple  resonances  by  covering  a  wide  frequency  bandwidth. 

The  ideal  periodic  function  generator  produces  pure  sine  waves  of  controlled  frequency  and  amplitude, 
and  the  frequency  response  curves  are  determined  directly  from  pairs  of  associated  input  end  output 
functions.  Values  of  the  latter  are  obtained  throughout  the  frequency  spectrum  end  they  define  the  frequency 
response  function,  which  is  a  complex  valued  function  of  frequency  such  that: 


where  |A(f)|  is  the  absolute  vtlue  of  A(j)  and  is  called  the  gain  factor,  and  4,,.  is  the  associated 
phase  angle  which  is  cftlled  the  phase  factor.  ^  > 
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The  gain  and  phase  factor*  may  be  interpreted  as  follows .  If  the  forcing  fuuction  i*  a  sinusoid,  the 
response  of  a  linear  transducer  will  also  be  a  sinusoid.  Us nee  the  shape  and  frequency  of  the  output  are 
identical  to  those  of  the  input.  However,  the  ratio  of  the  response  solitude  to  the  excitation  solitude 
is  equal  to  the  gain  factor  (magnification)  |A(f) |  ,  and  the  phase  shift  between  the  response  and  excita¬ 
tion  is  equal  to  the  phase  factor  4^  . 

This  means  that  if  a  linear  second  order  transducer  is  subjected  to  an  input,  which  can  be  represented 
as  the  sum  of  a  number  of  sinusoids,  then  the  output  will  consist  of  these  same  sinusoids  modified  only  in 
amplitude  and  phase.  Typically,  the  transducer  sansas  and  displays  each  sinusoid  as  if  it  were  the  only 
signal  present.  The  output  will  consist  of  the  sum  of  the  sinusoids  stodified  by  the  response  function. 
Further,  if  the  input  is  restricted  to  the  flat  part  of  the  response  curve  and  the  system  has  a  damping 
factor  of  0.7,  i.e.  the  phase  lag  is  proportional  to  frequency,  then  in  addition  to  the  above-mentioned 
features  the  input  and  output  will  also  have  tbs  same  shape.  Once  the  characteristics  of  a  linear  system 
are  defined  by  steady-state  sinusoidal  excitation  then  the  response  output  for  any  specified  excitation 
can  be  determined  by  analytical  computation.  These  fundamental  features  place  sinusoidal  excitation  in  a 
unique  position  with  regard  to  dynamic  calibration  of  transducers. 

Many  devices  in  the  form  of  electro-mechanical  shaking  tables,  compound  and  torsional  pendulums, 
and  large  cantilever  springs  can  be  constructed  to  produce  mechanical  displacements  of  sinusoidal  form  to 
the  required  degree  of  syvetry. 

10.2  Aperiodic  input  functions 

Hnving  once  established  the  frequency  response  function  by  sinusoidal  forcing  function,  other 
idealized  inputs  can  be  used  for  experimental  dynamic  calibrations  and  field  checks.  One  of  the  more 
popular  of  these  techniques  is  the  analysis  of  the  response  to  a  step  function  input.  This  method  can  be 
relatively  simple  and  straightforward  if  access  can  be  gained  lo  the  system.  It  consists  of  determining 
the  natural  frequency  of  the  instrument  with  zero  damping.  Vihen  damping  has  been  added  the  damping  factor 
is  readily  interpreted  by  observing  the  overshoot  after  a  step  function  has  been  applied  to  the  system. 

The  method  is  applicab  -  only  to  systems  which  are  under-critically  damped  (oscillatory),  as  they 
usually  are;  the  percentage  overshoot  is  a  function  only  of  the  damping  factor  and  is  given  by 

(-Cir//l-t2) 

100  e  ,  Fig. 5.  Strictly,  this  technique  can  only  be  used  if  it  is  known,  a  pnon,  that  the 

system  can  be  described  by  a  linear  second  order  differential  equation  with  constant  coefficients. 

Another  method  occasionally  used  to  specify  the  frequency  response  of  a  transducer  is  to  examine 
its  behaviour  in  response  to  an  impulse  function.  The  Dirac  delta  function  is  a  single  impulse  or 
'spike'  at  time  zero  having  infinite  amplitude,  zero  time  duration  and  unit  area.  Such  a  pulse  has  a 
constant  »r.ergy  frequency  spectrum  ranging  from  zero  to  infinity.  Although  delta  functions  do  not  exist 
in  real  life,  functions  with  properties  approaching  these  mathematical  concepts  can  sometimes  be  achieved 
in  practice. 

The  practical  difficulties  of  impulse  response  testing  are  sometimes  very  severe  because  the  impulse 
function  may  be  difficult  to  achieve  in  practice  and  some  compromise  has  to  be  made.  For  instance,  it  is 
important  that  the  pjwer  spectrum  of  the  impulse,  within  the  frequency  bandwidth  of  the  transducer,  is 
constant  and  a  practical  impulse  might  not  give  this.  Another  difficulty  with  this  approach  is  that  an 
extremely  large  amplitude  must  be  achieved  to  generate  enough  power  to  make  spectral  components  measurable, 
and  such  an  amplitude  would  probably  saturate  the  transducer  and  parts  of  the  system  under  test  and  so 
drive  them  into  non-linear  regions. 

On  the  other  hand  a  step  input  coutains  all  frequencies  from  zero  to  infinity  and  furthermore  it  has 
a  power  spectrum  the  anq>litude  of  which  is  proportional  to  l/w^  .  It  is  evident  that  frequency  response 
characteristics  of  transducers,  which  invariably  have  frequency  components  concentrated  at  the  low  end  of 
the  frequency  spectrum,  can  best  be  studied  by  step  inputs  rather  than  by  impulse  functions  because  most 
of  the  energy  is  concentrated  at  the  low  end  of  the  frequency  spectrum. 

10.3  Electrical  excitation 

Force-balance  systems  are  sometimes  dynamically  calibrated  by  inserting  into  the  system  an  electrical 
signal  which  simulates  a  mechanical  excitation.  Although  these  closed  loop  response  tests  are  potentially 
very  accurate,  it  is  desirable  to  commence  with  mechanical  inputs  to  establish  the  transfer  function  so  as 
to  relate  the  adequacy  of  the  results  so  obtained  to  the  values  produced  by  the  simulation. 

1 1  COMPARISON  BETWEEN  OPEN  AND  CLOSED  LOOP  ACCELEROMETERS 

1 1 . 1  Background 

The  preceding  chapters  have  laid  the  groundwork  for  an  understanding  of  the  fundamentals  and 
principal  performance  characteristics  of  open  and  closed  loop  accelerometers.  It  is  now  convenient  to 
compare  the  relative  merits  of  these  two  types. 

Until  recently,  the  only  types  of  accelerometer  available  were  those  in  which  the  force  of  a  spring 
balances  the  acceleration  force  imposed  on  a  mass.  To  obtain  high  enough  outputs  and  to  minimize  errors 
due  to  dimensional  changes  resulting  from  temperaturt  variations  and  hysteresis  of  the  elastic  suspension, 
large  working  displacements  are  required.  Now,  for  many  practical  designs,  the  working  displacement  of 
the  mass-spring  asaeably  must  be  restricted  to  very  small  values  to  avoid  excessive  cross-coupling  because 
accelerometers  have  to  solve  vector  equations  in  which  direction  is  equally  isq>ortant  as  magnitude. 
Furthermore,  accuracies  are  seldom  better  than  I  or  2Z  even  when  large  working  displacements  are  employed. 
Consequently,  flight  test  engineers  ere  frequently  faced  with  making  concessions  in  their  demands  for 
high  steady  state  accuracy  and  low  cross-effects. 


Despite  (these  shortcomings ,  transducers  with  large  working  displu  laments  havm  on*  redeeming  feature, 
mainly  lew  cut-off  frequency.  It  follows  that  the  transmission  rang*  ia  confined  to  th*  low  and  of  tht 
fraquancy  spectruu  and  hanea  the  instrument's  tvanaaiaaibility  to  high  fxaquancy  unwan  tad  input a, 
a.g.  vibrational  noiae ,  ia  convaniantly  raatrictaa. 

Mow,  it  haa  baan  ahown  that  tha  doaad  loop  accalaroaatar  derivaa  ita  uaafulnaaa  from  its  ability 
to  make  praciaa  aaaauraaanta  of  acceleration  with  a  degree  of  preciaion  probably  greater  than  that  of  tny 
other  acceleration  Measuring  device.  It  would  appear,  therefore,  that  force  feedback  sensor*  offer  a 
panacea  for  all  the  ilia  associated  with  the  conventional  type  of  transducer.  However,  many  commercial 
units  incorporate  tight  or  stiff  loops  to  lower  the  cross-exit  sensitivity.  The  ayatee  is  now  responrive 
to  inputs  of  a  very  euch  higher  frequency  content  than  hitherto,  and  significant  errors  can  arise  which 
would  not  have  bean  experienced  vith  open  loop  types.  For  instance,  when  the  signal  to  be  measured  is 
either  a  vibration  or  is  a  ateadr  state  or  low  frequency  signal  aaidst  unwanted  noiae  then  two  characteris¬ 
tics  via.,  dynamic  response  and  even  low  cross-axis  sensitivity,  may  give  rise  to  errors. 

11.2  Vibrational  noise  problems 

On  many  flight  tests,  instruments  are  required  to  operate  in  a  vibrational  environment  where  it  is 
iaq>ractical  to  satisfactorily  isolate  them  from  the  whole  or  part  of  the  vibrational  envelope.  It  is 
assumed,  of  course,  that  remedial  measures  such  as  searching  for  nodes  amidst  the  complicated  vibrating 
structure  to  find  less  noisy  mounting  locations  had  been  adopted  when  trouble  first  arose  from  high  level 
vibration  inputs.  Furthermore,  a  factor  which  can  exerciee  a  controlling  influence  in  thia  area  is  the 
stiffness  of  the  inatruoent  mounting.  The  resonant  frequency  of  the  mount  plus  sensor  should  be  as  far 
removed  as  possible  from  the  transmission  range  of  the  instrument. 

C-levels  resulting  from  representative  aircraft  vibration  input  patterns  tend  to  increase  with 
increasing  frequency,  especially  over  that  portion  of  the  spectrum  say  from  20  Hz  to  100  Hz.  Examples  of 
two  vibration  envelopes,  one  severe  th*  other  moderate,  are  shown  in  Pig.  13.  In  general,  aircraft 
vibrations  will  lie  somewhere  in  between  those  illustrated.  Vibration  lavela  as  high  as  ±10  g 
(i.e.  approximately  0.02in  double  amplitude  at  100  Hz)  are  frequently  encountered  and  their  effect 
on  the  accelerometer  must  be  carefully  considered. 

Although  instruments  are  designed  to  withstand  such  levels  of  vibration  without  damage,  the  fidelity 
of  low  frequency  signals  may  not  b*  preserved  in  their  presence.  The  two  main  sources  of  inaccuracy  due  to 
vibration  and  which  are  associated  with  servo  transducers  are  saturation  and  rectification  errors. 


11.3  Saturation  effects 

The  rated  range  of  many  of  these  transducers  is  defined  by  the  linear  operational  limits  of  the 
amplifier.  If  these  ere  exceeded  at  any  part  of  the  instrument's  frequency  transmission  range  the 
amplifier  may  saturate. 

Consider,  by  way  of  example,  an  accelerometer  with  a  basic  loop  frequency  of  about'  100  Hz  and  a 
damping  factor  0.3.  If  the  rated  range  is  10  g  the  presence  of  vibration  at  the  resonant  frequency  of  90  Hz, 
Fig. 2,  may  cause  the  amplifier  to  saturate  if  the  vibration  amplitude  exceeds  12  g.  * 

This  cyclic  saturation  can  cause  large  errors  and  distortion  to  the  signal  of  interest,  no  matter 
what  method  of  extraction  is  used  or  electrical  filtering  employed.  Furthermore ,  the  higher  the  level  of 
saturation  to  which  the  instrument  is  subjected,  the  bore  unrealistic  and  irrelevant  the  output  becomes, 
yet  it  is  impossible  to  detect  this  error  if  a  low  pass  electrical  filter  >■**  been  incorporated  after  the 
accelerometer. 

There  are  a  number  of  methods  for  preventing  the  maximum  torquing  capability  of  the  servo  system 
bei-g  exceeded  anywhere  within  the  transmission  range  of  the  instrument. 

One  is  to  select  a  transducer  of  high  range,  say  ±20  g,  and  damping  factor  of  t  ■  0.7  on  the 
basis  that  vibration  levels  seldom  exceed  IS  g  end  there  is  no  peak  in  the  instrument’s  frequency  response. 
Thii  is  reasonable  in  view  of  the  fact  that  even  the  sustained  level  of  acceleration  in  one  direction, 
which  is  required  to  be  measured  and  rarely  exceeds  it  g  on  sany  flight  tests,  coupled  with  s  ±15g 
vibrating  input  will  not  approach  the  instrument's  rated  range  value.  This  high  range  transducer,  while 
selected  for  a  particular  example,  is  broadly  representative  of  available  types  and  notwithstanding  its 
high  range  it  is  still  capable  of  providing  mccuracieii  in  the  region  of  5  x  10~4  g. 

Another  method  is  to  introduce  an  active  frequency-sensitive  network  into  the  servo  loop  to  smke 
the  best  compromise  as  far  as  possible  between  the  conflicting  design  features  of  low  cross-axis  sensitiviiy 
and  high  noise  rejection  (i.e.  absence  of  noise  saturation).  For  example,  a  phase-lag  network  would  permit 
the  use  of  high  loop  gains  to  retain  low  cross-axis  sensitivity  at  low  frequencies  and,  by  virtue  of  its 
attenuation  at  high  frequencies,  would  reduce  the  possibility  of  saturation  at  the  high  end  of  the  frequency 
spectrum.  Greet  care  would  have  to  be  taken  to  ensure  that  sufficient  gain  and  phase  margins  were  maintained 
to  allow  for  unavoidable  gain  changes  so  that  stability  criteria  were  satisfied. 

A  method  alloyed  at  the  National  Aerospace  Laboratory,  NLR,  Amsterdam  consists  of  mounting  the 
accelexoamter  on  a  wooden  board  or  anti-vibration  mounts  to  isolate  it  from  high  frequencies. 

Manufacturers  claim  that  Neoprene  bonded  cork  anti-vibration  material  can  have  a  transfer  function 
approximating  to  a  linear  lew  pass  (second  order)  filter  with  natural  frequencies  and  damping  factors 
tailored  to  suit  particular  requirements.  Although  not  enough  is  known  about  the  behaviour  of  this  material 
to  recommend  it  as  a  method  for  inserting  e  low  pass  mechanical  filter,  it  could  make  an  excellent  filter 
to  attenuate  high  frequency  inputs. 


Probably  Cbs  safest  mtthod  to  aaploy  in  aoat  circumstances  is  to  measure  the  vibration  with  a  piezo¬ 
electric  accelerometer  and  record  its  output  simultaneously  with  that  of  the  main  accelerometers.  The 
piezo-electric  accelerometer  measures  vibration  over  a  large  part  of  the  frequency  spectrum  and  also  short 
duration  shock  and  power  or  Fourier  spectrum  analysis  of  the  recorded  information  will  reveal  critical 
levels  or  discrete  amplitudes . 

11.4  Rectification  effects 

Rectification  errors  arise  when  vibrations  are  impressed  on  an  accelerometer  which  is  susceptible  to 
cross-effects. 

Referring  to  Fig. 14,  consider  a  pivoted  arm  type  of  instrument  under  the  influence  of  an  acceleration 
Ah  along  the  sensitive  axis;  the  arm  is  displaced  by  a  small  angle  from  null  and  the  accelerometer  will 
(Sheet  a  fraction  &c^c  of  any  acceleration  Ac  along  the  pivoted  arm  (i.e.  perpendicular  to  the 
sensitive  axis).  The  measured  acceleration  is~given  by  the  following  expression,  in  which  4 q  is  the 
cross-coupling  coefficient:  _— 


V1  *  w 


It  follows  that  if  Ah  and  Aq  are  components  of  a  vibrational  acceleration  A  sin  let  acting  at  angle 
to  the  sensitive  axis  we  hive: 

Ajj  »  A  sin  ut  cos  6  and  Ac  »  A  ain  ut  sin  6  .  (48) 


Therefore, 

A _  «  A  sin  ut  cos  6(1  +  6„A  sin  ut  sin  6)  (49) 

DBAS  L 

2.2 

■  A  sin  ut  cos  6  +  6^A  sin  ut  cos  6  sin  6  (50) 

2  2 

•  A  sin  ut  cos  6  +  Jd^A  sin  ut  sin  26  ,  (51) 

The  first  term  in  the  above  expression  represents  the  component  of  the  vibration  which  the  ideal 
instrument  would  measure  and  the  second  term,  which  is  at  a  maximum  when  8  -  45°,  represents  harmonic 
distortion  which  alters  the  magnitude  and  shape  of  the  output  waveform  thus  increasing  the  probable  value 
of  error  in  modulus  and  phase  measurement .  For  combined  inputs,  where  the  acceleration  to  be  measured  is 
of  low  frequency,  and  the  vibration  A  is  unwanted  noise,  a  filter  would  normally  be  inserted.  This 
would  effectively  re  nerve  the  first  term  whose  average  value  is  zero  but  the  second  term  whose  average 
value  is  {SqA?  sin  26  represents  a  steady  state  error. 


For  a  given  arm  radius  r  the  closed  loop  natural  frequency 


is  related  to  the  static  angular 


deflection  per  g  of  acceleration  (5c  rad/g),  i.e.  the  cross-coupling  coefficient,  thus: 

i  /  „  \i 


—  M 

2 *  [scrJ 


If  our  100  Hz  and  our  0.3  damped  instrument  has  a  length  of  pendulous  arm  r  “  3  cm  then 
5q  «  2.8  arc  min/g  «  8.5  «  10"4  rad/g  u't  its  steady-state  cross-axis  sensitivity  is  8.5  »  10“^  g/g 
which  is  a  very  good  figure  indeed.  However,  the  value  of  6c  is  related  to  the  transfer  function  of  the 
instrument  and  if  the  modulus  is  not  flat  but  tends  to  rise,  6c  will  have  a  corresponding  increase  and 
hence  accuracy  will  be  reduced  at  frequencies  near  the  instrument' s  resonant  frequency.  For  example, 
referring  to  Fig. 2,  the  modulus  for  a  damping  factor  0.3  rises  to  a  peak  at  the  instrument's  damped 
natural  frequency  (90  Hz)  thereby  increasing  6C  (cross-axis  coefficient)  by  a  factor  of  1.8. 

If  our  instrument  is  subjected  to  an  oscillatory  input  in  the  region  of  10  g  amplitude,  i.e.  J  peak- 
to-peak,  at  a  frequency  of  90  Hz  and  acting  at  an  angle  of  45°  to  the  sensing  axis,  the  steady  component 
of  error  due  to  the  rectification  effect  is  approximately  (2.1  »  10”2)g  x  1.8  or  4  *  10“  2  g. 

However,  our  lightly  damped  instrument  is  not  representative  of  many  existing  types  and  is  only  used 
to  illustrate  'worst  case'  conditions.  If  the  damping,  for  example,  were  0.7  the  error  would  not  exceed 
7.  x  I0‘2  g. 

From  these  results  it  is  seen  that  errors  arising  from  rectification  effects  on  high  frequency 
pivoted  arm  types  of  accelerometers  can  be  considerable  and  care  must  be  exercised  when  these  devices  are 
used  in  the  presence  of  severe  vibrational  environments. 

The  picture  is  considerably  improved,  however,  when  the  case  of  a  low  frequency  open  loop  type  of 
instrument  being  subjected  to  a  similar  oscillatory  input  is  considered.  Choosing  an  instrument  with 
typical  value,  e.g.  fn  *  20  Hz,  l  «  0.7  and  r  -  3  cm  ,  and  noting  from  Fig. 2  that  our  lOg  amplitude, 

90Hz  input,  nas  now  been  attenuated  by  the  transducer  to  the  region  of  1  g,  the  steady  component  of  error 
is  approximately  5  x  I0”2  g,  Cn  the  other  hand,  its  susceptibility  to  steady-state  cross-axis  accelerations 
is  too  much.  A  value  of  2  *  10“2  g/g  is  just  not  good  enough  for  many  flight  test  applications. 

12  CONCLUDING  REMARKS 

Force  feedback  accelerometers  are  potentially  capable  of  realising  accuracies  which  are  one  or  two 
orders  higher  than  those  of  conventional  mass-spring  types.  However,  these  high  accuracies  may  not  always 
be  physically  realisable  in  pra:tice  if  high  frequency  systems  are  subjected  to  high  levels  of  unwanted  noise. 


It  has  baa  a  shown  that  many  limitations  aaaodatad  with  conventional  transducers  have  baaa  minimiaed 
or  eliminated  by  tha  uaa  of  aarvo  tachniquaa. 

Some  of  tha  design  considerations  affecting  steady  state  accuracy  and  ay a tea  dynamic  performance 
have  baaa  praaantad  with  tha  purpoee  of  indicating  practical  aolutiona  of  measuring  problems  to  tha 
practising  flight  taat  engineer . 

tha  performance  of  these  instruments  and  in  particular  tha  way  in  which  significant  errors  can 
arise  have  been  discussed  to  aid  the  selection  of  the  correct  instrument  for  a  particular  task. 

It  appears  that  vibration  atill  represents  a  significant  factor  whan  steady  state  or  low  frequency 
accelerations  are  measured  in  its  presence,  and  improved  means  of  isolating  the  instrument  from  aircraft 
vibration  without  degrading  signal  accuracy  era  urgently  required. 

If  really  high-grade  rectilinear  closed  loop  acceleroantere  become  available  at  a  not  too  exorbitant 
cost,  then  it  is  apparent  that  a  wide  scope  exists  in  the  aircraft  flight  test  field  for  instruments  of 
this  type. 

Until  these  appear,  open  loop  types  of  accelerometers  may  provide  more  reliable  results  whan 
measurements  are  performed  in  the  presence  of  severs  vibrational  inputs. 

A  fall-out  from  space  research  ia  tha  three-axis  accelerometer  in  which  the  mass  ia  suspended  in 
electromagnetic  or  electrostatic  fields  and  which  measures  accelerations  in  three  orthogonal  directions. 
These  non— mechanical  springs  permit  acceleration  smasuramants  to  be  made  in  the  region  of  10“'  g  and,  in 
addition,  in  the  case  of  electrostatic  forces  they  are  relatively  insensitive  to  saturation. 

Extensive  programmes  axe  currently  being  pursued  to  develop  entirely  new  techniques  for  the 
measurement  of  acceleration.  Many  of  these  are  just  around  the  proverbial  operational  corner  and  if  the 
reader  wishes  to  make  a  study  of  the  various  types.  Refs. 14  to  18  make  good  reading. 
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Appendix  I 


DK1IVATI0M  OF  f  ,  THE  UHDAJfftD  KATUIAL  FIEQUEMCY 
n 

To  derive  the  undeeped  neturel  frequency  fn  of  e  mess-spring  system  consider  e  load  of  wei^t  V 
suspended  on  e  spring,  fig. 15.  AX  is  tbs  lengtlPof  the  unstretched  spring  end  AO  is  the  length  of 
the  spring  when  stretched  by  the  weight  W  .  The  spring  constant  k  is  the  nvaber  of  units  of  force 
required  to  stretch  the  spring  e  wit  length.  It  follows  that  if  BO  •  6at  is  the  static  deflection  of 
the  spring  under  load  W  when  5gt  is  equal  to:  ~ 


2 


at 


(53) 


If  the  weight  W  is  deflected  from  its  equilibrium  position  at  0  and  released  it  will  oscillate 
about  tbs  position  of- equilibrium.  In  this  siaple  study,  as  no  forces  other  than  the  spring  force,  the 
earth's  gravitational  force,  and  the  inertia  reactance  of  the  load  are  assuaad  to  act  on  the  system,  the 
amplitude  of  oscillation  retains  constant.  Such  oscillations  of  the  mass-spring  system  are  called  free 
or  natural  oscillations  and  they  will  be  einuaoidal  in  nature. 


Let  Y  be  the  peak  amplitude  and  fD  the  frequency  of  the  oscillation.  Thus  the  instantaneous 
value  of  the  co-ordinate  ot  harmonic  oFcillation  can  be  considered  as  a  projection  on  axis  oy  of 
radius  Y  ,  rotating  around  the  position  of  equilibrium  of  the  mass  at  point  0  with  constant  angular 
velocity-  w  . 

During  one  period  P  of  the  oscillation  the  vector  rotates  through  2*  radians,  therefore: 


The  co-ordinate  £  will  be  equal  to: 


—  -  2*f  rad/s  . 
p  n 


y  -  Y  cos  ut  . 


Successive  differentiation  of  this  equation  yields: 

velocity  y 
acceleration  y 


-  Yu  sin  ut 

2 

-  Yu  cos  ut  . 


(54) 


(55) 


(56) 

(57) 


In  Fig. 15,  assuming  displacements  below  the  equilibrium  position  are  positive,  and  applying  Newton's 
laws  to  the  free  body  diagram  as  illustrated,  we  obtain 

If  -  my  or  W  -  k(S  ♦  y)  -  £  y  .  (58) 

It  g 

As  pointed  out  previously 


Therefore  substituting  this  value  of 


or 


>  .  W 

(59) 

in  Eq(58), 

we  obtain 

W  -  W  -  ky 

w  .. 

* 

(60) 

my  ♦  ky 

-  0 

(61) 

This  is  the  characteristic  differential  equation  which  describes  the  motion  of  the  system.  Substituting  the 
value  of  £  from  Eq(57)  and  £  from  Eq(55),  we  obtain: 

2 

-mYu  cos  ut  *  kY  cos  ut  »  0  .  (62) 


Since  Y  *  0  by  definition,  hence 


Therefore 


and 


1 

57 


(63) 


(64) 


(65) 


25 


Appendix  2 

DERIVATION  OP  £  ,  THE  DAMPING  FACTOR  RELATIVE  TO  CRITICAL 

Of  the  two  nein  piriMtnt  that  coapletely  da  fin*  a  linear  second  order  ays  ten,  e.g.  and  £  , 

only  uq  baa  been  defined.  It  ia  now  appropriate  to  exanina  a  ayaten  with  a  d taping  nechanlsa  ao  that 
£  ,  thE~d*aping  factor  relative  to  critical  danping,  can  be  derived. 

Although  damping  forces  can  take  aany  fora*  tha  no  at  acceptable  one,  and  indeed  one  of  the  few  that 
can  be  analytically  expresaad,  ia  that  proportional  to  the  first  power  of  velocity.  For  this  reason,  only 
this  form  of  danping  is  considered  in  this  study. 

In  Fig. 16,  a  weight  W  is  suspended  Iron  a  spring  which  is  connacted  to  a  dashpot  to  provide 
viscous  daaping.  The  direction  of  the  danping  force  is  opposite  to  that  of  velocity  and  is  written 

F  *  -  by  (66) 

where  the  deaping  constant  b_  is  the  n unbar  of  units  of  resistive  force  per  unit  velocity  of  notion. 

The  frae  body  diagran  illustrates  all  the  forces  acting  on  the  load  when  displaced  a  distance  £ 
below  equilibriua  and  travelling  downwards  after  the  weight  has  been  released  from  a  deflected  position. 

Note  as  before  that  k  is  the  spring  constant  and  that  in  the  equilibriua  position  k6st  is  equal  to 
W  .  The  equation  of  notion  tmder  the  above  conditions  bacon** :  ~- 

W  -  k(«§t  ♦  y)  -  by  -  j  y  (67) 

or 

y  ♦  ^  y  ♦  y  -  °  • 

Unlike  the  oscillations  of  an  uniaspad  naaa-spring  ays ten,  those  of  a  danped  systen  decay  exponentially 
because  of  the  energy  dissipated  in  the  daaper.  Therefore  a  solution  of  this  differential  equation  is 
aasuand  to  take  the  fora: 

y  -  Aept  (69) 

where  A  and  £  are  constants. 

Noting  that: 

y  -  Apept  (70) 

and 

y  -  Ap2*pt  (71) 


where  is  the  undaaped  natural  frequency.  A  systen  with  critical  daaping  has  the  SMlleat  danping 
possible  for  aperiodic  notion  and  where  tbe  weight,  after  its  release  from  an  initial  displacaMnt,  creeps 
back  to  equilibriua  without  oscillating. 


(77) 


lte  towtoalHi  ratio  b/be  la  called  the  relative  dating  ratio  £  and  ia  givan  by: 


C  • 


Ums  tba  radieaad  in  Sq(75)  ia  poaitiva  tha  Motion  ia  oicillatory  and  of  a  gradually  aubsiding 
natura  and  tba  daaping  ia  aubcritical. 

jiact  for  practical  tranaducara  Z  <  I  •  thia  caaa  ia  tba  ona  of  aoat  intaraat  to  tba  inatruaant 
uaar  and  ia  alao  tba  ona  uaad  for  illuatrativa  purpoaaa. 
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FIG.  3  VARIATION  OF  PHASE  ANGLE  WITH 
DAMPING  OF  CONVENTIONAL  SECOND 
ORDER  SYSTEM. 
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b.  Pivoted  arm  type  accelerometer 


FIG.  8  ACCELEROMETER  SCHEMATIC  DIAGRAMS 
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FIG,  9  CIRCUIT  OF  PENDULOUS  ARM  TYPE 
ACCELEROMETER 
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necessary  to  counteract  unit  acceleration  force 
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FIG.  14  RECTIFICATION  EFFECTS  ON  AN 
ACCELEROMETER  SUBJECTED  TO  A  VIBRATIONAL 
ACCELERATION  ACTING  AT  ANGLE  6  TO  THE 
SENSITIVE  AXIS. 
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